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PREFACE 


Tribology, the science of interacting surfaces in relative motion, has traditionally 
focused on technological applications, although some attention has been given to 
geotribology and tribochemistry. This volume explores the geological applications of 
tribology in some detail, before introducing the entirely new subdisciplines of 
archaeotribology and the tribology of rock art. The various geological, archaeological, and 
rock art applications are then correlated through the detailed description of a tribological 
phenomenon of the natural world that was only discovered most recently, kinetic energy 
metamorphosis (KEM). This newly described phenomenon was first observed as a by- 
product of rock art production, but it was subsequently recognized as a widespread physical 
process whose effects are much more common in both geology and archaeology. Not only 
does this book illuminate the holistic and thus inter-disciplinary character of natural 
processes, it also presents the need to view tribology as a science connected to many other 
fields. Therefore, this volume advocates an extended scope for a science traditionally 
focused on aspects of friction, wear, and lubrication of machines. This enhances the 
importance of tribology, while at the same time enriching disciplines that have never even 
been considered to have potential connections with tribology. The book therefore succeeds 
in demonstrating that, ultimately, all disciplines are interconnected in the magnificent web 
of science, in which all fields of scientific enquiry must play a role. 

This book thus presents a strong statement on the need for integrative understanding, 
but at the same time it demands high standards of epistemology. The introductory chapter 
presents a rigorous definition of science, and of the inherent characteristics of scientific 
propositions. It is followed by a chapter about geotribology, detailing the many 
applications of tribology in the vast field of geology. This includes reviews of fluvial, 
aeolian, glacial, and tectonic processes, each of which deals with interacting surfaces in 
relative motion. In the next section, the numerous applications of tribology in archaeology 
are examined in some detail. The chapter on the tribological nature of all rock art presents 
an innovative review of a topic never before defined as tribological. The “climax” of the 
book, however, is in the concluding chapter, which expounds and analyzes the newly 
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discovered process of KEM. First detected in a specific kind of rock art, it was upon 
investigation identified as a major contributor to several hitherto unexplained phenomena 
in geology. In this way, the volume demonstrates strikingly how all of science, in the end, 
forms a single interconnected system. 


Robert G. Bednarik, PhD 


Chapter 1 


AN INTRODUCTION 


ABSTRACT 


This introduction to a book about the applications of tribology in geology and other 
fields begins with a discussion of issues of the epistemology of science. It examines the 
significant limitations of science and identifies them in order to clarify the setting of this 
volume appropriately. This is followed by a brief but reasonably comprehensive review of 
what tribology is, including a critique of some of its aspects. It includes definitions of its 
various sub-disciplines and an account of its core principles. The chapter ends with a brief 
description of the scope of the book. 


Keywords: tribology, geology, science, epistemology, ethnoscience, friction, wear, 
taphonomy 


PROLEGOMENON 


Before exploring a little known scientific discipline like tribology and its application 
in fields like geology or archaeology it may be worthwhile to clarify some preliminary 
points, creating a generic context for a volume about seemingly obscure topics. Much of 
the time, science proceeds not in the orderly fashion one might expect it to, but by 
convoluted routes and in the most unexpected ways. The work presented here is a good 
example. I did not set out to contribute to a field I hardly knew existed: working in a poorly 
established discipline, the study of very early art-like creations (called paleoart), I found 
myself confronted by phenomena and empirical evidence that were impossible to reconcile 
with established knowledge. When I began investigating potential avenues of clarification 
I soon realized that they offered no opportunity for progress. I had long noticed that 
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geology, for all its amassed knowledge, sophisticated methodology and expensive 
equipment harbored distinctive lacunae of know-how that could matter a great deal to 
specialists from other fields. For instance, as a rock art researcher, i.e., someone studying 
the art-like cultural precipitate left by ancient peoples on rock surfaces, I found that 
apparently simple questions about geology could not be answered by professors of geology. 

To illustrate the point I provide an example. In Ku-ring-gai Chase National Park at 
Sydney, Australia, there are approximately twenty-five roughly horizontal sandstone 
pavements dominated by two interesting features: a kind of tessellation of deeply eroded 
cracks forming a mosaic of polygons, especially hexagons, that average roughly one meter 
in size; and a vast number of pits, ranging in diameter from 20 to 50 mm, that avoid the 
proximity of the fissures forming the polygons (Figure 1). These patterns of cup-marks 
have been proposed to represent star constellations (Cairns and Branagan 1992; Branagan 
and Cairns 1993; Cairns and Yidumduma Harney 2003). 





Figure 1. Sandstone tessellation with pits found in Ku-ring-gai Chase National Park, Sydney, Australia. 


The two phenomena raise two fundamental questions: what caused the tessellation and 
what is the nature of the pits? One of the authors most effectively advocating the 
anthropogenic hypothesis of the latter is a professor of geology, yet he was unable to 
explain the tessellation plausibly and he mistakenly believed the pock marks to be artificial, 
i.e., humanly made. Branagan (1968, 1973, 1983) described the tesselation cracks as 
having been caused by some type of syneresis. That process, also known as subaqueous 
shrinkage, describes the expulsion of a liquid from a gel-like substance and it has been 
described specifically from mudstone facies. However, this process forms no continuous 
lattices of geometric shapes, as evident on the Sydney sandstone; its cracks are random, 
discontinuous and filled with sediment. Even before I examined some of these sites it was 
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clear to me, simply on the basis of a few photographs, that the Sydney tessellation reflects 
Voronoi cells (Voronoi 1908), also called Dirichlet tessellation (Dirichlet 1850). 

Voronoi cells are a feature of Euclidian diagrams, the shape, size and arrangement of 
which are all determined by ‘seed’ sites (http://alexbeutel.com/webgl/voronoi.html). For 





each seed there is a corresponding area consisting of all points closer to that seed site than 
to any other. Typically, these cells are of polygonic shapes and—f the seed sites are fairly 
evenly spaced—of reasonably uniform sizes. One common way for them to form in nature 
is when there is a surface layer of wet mud, in a creek bed for example, that dries out. The 
desiccation involves a minor shrinkage in the quite cohesive fine sediment layer, so in the 
two-dimensional desiccation process the layer has to break up into patches. But rather than 
forming randomly, these patches are of sizes determined by the degree of cohesion in the 
mud layer and other factors ruled by geometry. Evenly spaced seed sites ensure fairly 
regularly shaped and sized cells of polygons, most often hexagons. 

Precisely the same rules determine the geometric tessellation of the horizontal 
sandstone layers near Sydney. Here, the spacing of the seed sites is determined by the 
tensile limits of the sandstone stratum, which explains the fairly regular spacing of the 
polygon cells. The process of their formation follows the same principles as the formation 
of geometric forms in the drying mud cover of a desiccating floodplain, and there are 
numerous other applications of Voronoi cells in science. 

The second issue with Cairns and Branagan’s views concerns the tens of thousands of 
pits occurring on these pavements, fairly regularly spaced but always avoiding the 
tessellation grooves. Cairns and Branagan (1992: 27) cite a good number of geologists and 
archaeologists who have examined some of the sites and agree with these authors that the 
pitting is anthropogenic (artificial). However, a site visit by over thirty archaeologists and 
rock art specialists on 12 November 1989 arrived at the consensus view that the pits were 
natural, without being able to explain them (Bednarik 1990a). Because these pavements 
are perfectly horizontal (unless they have been subjected to tectonic displacement), 
rainwater drainage is slow and facilitates differential granular exfoliation, emphasizing 
slight depressions through solution by longer moisture retention. The process develops 
watersheds according to the micro-topography of each polygon cell, and establishes 
regularly spaced foci of erosional activity (Bednarik 2008: 65). The nature of the pits is 
well demonstrated by their often vertical and even undercut walls, which cannot be created 
by human percussion impact but are the result of solution by standing water. There are also 
thousands of larger solution pans on the pavements, in some cases ranging up to 4 m across, 
but most are in the order of 15—25 cm in size. They are all the result of the same process. 

In commenting on the issue of the misidentification of the pits, archaeologist John 
Clegg (2007: 58-59) observed that a degree in geology, by itself, does not make a good 
geologist. This may be a little harsh, as geological training is certainly useful; but the issue 
does deserve closer attention. There appear to be four aspects. First, both the training of 
students and research, in any field, generally tend to focus on ‘mainstream issues’, while 
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the kinds of topics relevant to rock art students (in the case of geology e.g., weathering 
phenomena, xenolithic features, patina formation, other accretionary deposits on rock 
surfaces) are much more likely to be neglected. This is an issue that can be detected in 
many academic fields: specific subjects are massively favored, while others tend to be 
overlooked or attract very limited interest. Second, geology is a field of great economic 
significance, for a variety of reasons, so it is only natural that training is slanted towards 
specific favored aspects, with the corollary that the ‘lackluster’ topics invite significantly 
less attention. Third, there is the vexed problem of compartmentalization in academic 
pursuits: what should be the parameters of an effective taxonomic system of phenomena? 
The system that we have inherited from previous centuries may have served science well 
then, but the extraordinary explosion in scientific knowledge since that time renders the 
traditional classification not only outdated, but in fact often an impediment to progress. 
Indeed, the primary topic of this book, tribology, can serve as a wonderful example 
illustrating this point. 

The fourth aspect of geology as a discipline is that it is not really a scientific discipline, 
but geology, geophysics, geochemistry, geohydrology, etc. are hybrid or derived sciences 
(Schumm 1991). Their explanatory powers are surprisingly limited: the prediction of 
earthquakes, volcanic hazards, coastal erosion and so forth has been largely unsuccessful. 
Discoveries of ore deposits, hydrocarbons, or potable water remain difficult and 
speculative, short of drilling into them. By contrast astrophysicists, for example, are so 
successful in putting satellites accurately into space or retrieving information and 
spacecraft. Do earth- and astrophysicists not use the same physical and mathematical/ 
statistical/probability laws? The cause-effect relationships in astrophysics are actually 
much less complex because the number of entities, factors, parameters, and variables 
(Strahler 1992) are fewer and better known. In contrast to natural systems, such as those of 
geology, the astro-system is reducible to mathematical formulae and thus interpretable with 
a high degree of accuracy, reliability, and tractability, rendering it more predictable. It 
offers enough known aspects to ascertain success, whereas natural systems overwhelm us 
with their many ‘known’ and unknown unknowns (Bauer 1992). The earth-scientists’ 
information, hypotheses, methodologies, and techniques range in applicability, reliability 
(Strahler 1992: 52, 138), validity, etc. from still relatively crude to those fairly accurate (cf. 
Bauer 1992: Figure 4 for reality therapy and knowledge filter). Geologists, after centuries 
of research, still tackle frontier science-style questions, whereas astrophysicists can claim 
to have reached the text-book type level in a much shorter time, in some measure at least. 

What are the differences between the basic and derived sciences? The derived 
geosciences very often can make a breakthrough only by adopting a new development 
within the basic sciences. This applies equally to the humanities: consider, for instance, 
archaeology, clearly a non-science that depends largely on various sciences; or consider 
psychology or psychiatry, which can only progress from their alchemy-like state through 
the neuro- and cognitive sciences. One way to compare basic and derived sciences is to 
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consider that the former deal with systems which are commonly small-scale, short-time, 
closed, with few entities, factors, parameters, and variables. By contrast, the systems of 
derived sciences tend to be global or regional in scale, long-time, open, and involve very 
numerous entities, factors, parameters, and variables. Thus it seems that the problem lies 
in transferring the results from the basic to the derived sciences, and in communicating to 
practitioners the limitations of the latter more effectively. 

This is one possible explanation, but a more universal or generic elucidation might be 
to refine our definition of what in the final analysis delineates a scientific discipline. What 
is it that connects, for example, cave markings made with animal claws, ball bearings, the 
movement of tectonic plates, the application of lipstick, and the lubrication of machines? 
Within the traditional nomenclature, each of these elements would be taken care of by a 
very different discipline, based on a kind of common-sense system derived from how the 
world was understood in Europe a couple of centuries ago. And this is the way the 
disciplines remain largely organized in universities today. Since perhaps the mid-20th 
century, science has been trying to shed these constraints, but this is a slow process of 
overcoming the conservatism of the academic system. The science of interacting surfaces 
in relative motion, tribology, illustrates this very well. Here, the phenomena grouped 
together are not organized as in a Linnaean system, according to ‘common sense’, but on 
the basis of similarities of process. Not only does this make good analytical sense, it is also 
more appropriate in an endeavor that is focused on cause and effect, as well as the 
underlying universal laws. In describing tribology as a highly interdisciplinary domain it 
therefore needs to be cautioned that this would be a biased way of looking at it. One could 
just as easily argue that geology is interdisciplinary, with certain portions of it belonging 
to tribology. It all depends on the perspective, but most certainly it serves epistemology 
well to point out how relative everything is in science, and how disadvantageous our 
taxonomic divisions can be. 

Indeed: a prolegomenon being a ‘critical or discursive introduction to a book’, this is 
an opportunity to clear up some ‘housekeeping matters’. Foremost, this volume is intended 
to be of the scientific genre, so it is particularly important to say a few words about the 
nature of science at the outset. There are a great many misconceptions regarding science. 
Yes, it is the greatest thing humans have ever created, and, yes, it has turned out to be rather 
useful much of the time. But it is always good to remind ourselves that the approximations 
science is capable of creating are not facts or truths; the good scientist is not aware of one 
single finite fact or one absolute truth. The entire project of science is based on refutation: 
its hypotheses and theories are proposed for testing, to be exposed to attempts to refute 
them, and its entire edifice is therefore one of systematic uncertainty. That is its great 
strength: instead of giving us beliefs it weeds out those that had inadequate bases in the 
first place. It therefore prefers propositions capable of predicting what will happen under a 
variety of conditions. Consequently, science differs quite fundamentally from the religions, 
from superstitions and, notably, from the humanities. 
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Of particular interest are its differences with the latter pursuits, or those that are often 
called ‘social sciences’. To explain these disparities, we need to explore their sources. The 
humanities operate on the assumption that human perception defines reality. But reality is 
a complicated concept to which human constructs of reality relate only inadequately. This 
is easily demonstrated. Firstly, there are as many such constructs as there are living 
humans, and they all differ. No person is born with a developed concept of the world, and 
these individual cosmologies have all developed in the course of life times, i.e., they vary 
according to stages in life. They can only reflect the individual’s life experiences; they 
cannot possibly include any experiences we never had. Therefore, each and every one of 
these billions of world views is necessarily different from all others. If that is so, none of 
them can be a valid construct of reality. 

The second reason for this is rather more complex. Its explanation begins with the 
question: how do we acquire the information that determines our individual view of the 
world? Since the day we were born, and in fact even before that day, our brain has been 
accumulating knowledge about the state of the world, forming synapses and ever new 
connections. But is there anything neutral or objective about these data acquired by 
perception? The most informative of our senses is arguably vision, so let us investigate the 
dependability of visual perception. The visual system is also the principal sensory input in 
the formation of human consciousness (Bednarik 2016a). 

In order to arrive at decisions of how to respond to visual signals, our visual system is 
obliged to take certain shortcuts. It takes in the order of 600 milliseconds to process visual 
data and what the thalamus provides to the visual cortex is in effect a hastily drawn 
approximation, not a faithful representation of what the retina detected. We take 200 
milliseconds to react to sound, but 240 to react to light, the visual system being larger and 
more complex. Not surprisingly, the volume of information the thalamus receives from the 
visual center is about six times greater than that travelling the opposite direction (Eagleman 
2015). As much as 95% of excitatory, inhibitory or modulatory input in the lateral 
geniculate nucleus (LGN) can derive from the visual cortex, and to a smaller extent from 
the superior colliculus, pretectum, thalamic reticular nuclei, local LGN interneurons and 
other projections (Guillery and Sherman 2002). The latter include feedback projections 
from the higher areas of the visual cortex of the inferotemporal cortex, where visual 
memory/imagery occurs, back to visual cortex (V1, V2 and V4) (Brosch et al. 2015). 
Significantly, early redirected pathways emanate from the thalamus region to the amygdala 
before conscious recognition occurs (LeDoux 1994, 1998). Some thalamocortical 
pathways relay information from ascending pathways (first order thalamic relays) and 
others relay information from other cortical areas (higher order thalamic relays), thus 
serving in corticocortical communication. 

The importance of this is that at crucial moments in an organism’s life, reaction times 
tend to determine survival, and paradoxically an ambiguity of perception offered an 
advantage to hominins (Bednarik 1986: 202), e.g., switching to a flight response had 
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survival value even when the perceived threat turned out to be harmless. So how does the 
visual center, which dominates the process of vision, respond to the need to present a 
provisional image for executive action before the retinal information has been fully 
decoded? It simply matches ‘first impressions’, derived from previously encoded data, with 
visual information from the ontogenic history of the organism in question, i.e., from its 
past experiences. In other words, the visual center provides ‘templates’ of what the new 
experience might signify. The neural process is similar to experiencing pareidolia or 
decoding Rorschach blots, and it is obviously of survival value to perceive, for just an 
instant, a dangerous snake where in fact only an exposed tree root lies on the floor. The 
‘abnormal meaningfulness’ in the absence of an immediate error-detection governor 
(Brugger 2001) therefore has no negative selection function in natural selection, because 
the cost of seeing a false pattern as real is significantly less than the cost of not detecting a 
real, life-threatening pattern (Shermer 2008; Bednarik 2016a). 

When we consider the complexities of the visual system it is downright amazing that 
we can see at all the way we do. Let us put this magnificent system into perspective. Since 
it takes at least half a second for the brain to form an image of the neural information it 
receives from the retina, we can in fact only ‘see in the past’. So what we do ‘see’ is in 
reality a kind of video hastily stitched together from already outdated retinal data and a 
great deal of older imagery obtained from the visual center. As if this were not enough of 
a feat, when we consider the well-known rapid movements in the direction of our gaze, the 
system also has to convert the extremely jerky ‘video’ we should be experiencing into the 
flawless creation of visual ‘reality’! That is an almost unbelievable feat, and yet it is how 
we ‘see’ (Eagleman 2015). It shows that what we believe we see is in reality almost entirely 
a flawless production stitched together by our own brain, with minimal contribution from 
the retina. It is not surprising then that in his magnificent book, Plotkin (2002) defined our 
‘reality’ as the ‘imagined world made real’. That is indeed the strongest theory on the 
matter. Humanity has known this for a long time—at least since Plato’s simile of the cave— 
but it is also true that most humans are quite content to believe that reality is precisely the 
way they experience it. 

Our visual system is not a reliable way of scanning the world, but as confirmed by 
optical illusions, pareidolia and other phenomena, a rather flawed setup. The same applies 
to our other sensory equipment. But what is more disturbing is that, of the vast range of 
information that would be required to comprehend reality, only a tiny range and spectrum 
is even accessible to us and our instruments. Moreover, in the case of those variables that 
we can detect, we can only sense small spectra of their full ranges. For instance, we see or 
hear only a small range of the entire spectrum of wave lengths. All things considered, our 
audacity in assuming that we can understand reality appears very careless indeed. 

That is where proper science takes its rightful place. As a species we face a lot of 
adversities. We are rapidly declining in evolutionary fitness, we are losing our robustness, 
our brain volume is reducing so fast it seems to proceed to freefall (Bednarik 2014). We 
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suffer from many thousands of genetically transmitted diseases, disorders and conditions 
that our Ice Age ancestor were apparently free of, and we are subjected to such rapid 
neotenization that we can fairly be defined as the ‘neotenous ape’ (Bednarik 2011). And 
yet, here we are, telling ourselves that we were created in the image of a deity, the perfect 
crown of evolution. Can we trust the judgment of a creature capable of such chronic self- 
flattery when it comes to explaining reality? The circumspection good science exercises 
and its skepticism about the human ability of self-correction may be anathema to those who 
want to be able to believe in something. But if our objective is to catch glimpses of the real 
world, the practice of science of positing testable propositions and trying to refute them is 
the only way ever invented of overcoming the barrier to human understanding Plato 
identified. Or, in Brechts’s (1980: sc. 9) marvelous words, “The aim of science is not to 
open the door to infinite wisdom, but to set a limit to infinite error”. 

The strength of science is that it fully recognizes the folly of human self-deception and 
therefore assumes that no information volunteered by humans is reliable. In such a situation 
the only sensible way to proceed in finding out about reality is by testing each and every 
formal proposition made about it. This process of falsification, envisaged by Karl Popper 
(1934), reflects the skepticism of normative relativism. It does not provide a theory of 
reality, but it does succeed in limiting the infinite error guaranteed by the alternative. Its 
underlying utility has been supported by other philosophers of science of the 20th century. 
Thomas S. Kuhn (1962) emphasized that each scientist works within a conceptual 
paradigm that determines perspectives, priorities and biases. He also noted scientists’ 
tendencies of defending that paradigm against refutation, and how difficult it is to effect a 
change of any paradigm, in the individual as well as for the discipline as a whole. Imre 
Lakatos (1978) only departed from Kuhn’s underlying thinking by tolerating ad hoc 
hypotheses as a means of developing new theories. This does seem reasonable, particularly 
when the pure falsificationist approach proves to be too sterile and some reconnoitering 
explorations look promising. 

Paul Feyerabend (1970) essentially rejected a prescriptive, overformal methodology in 
science, arguing that the status of science derives from the value of its results rather than 
from specific methods or ideals. Similarly, Alan Sokal and Jean Bricmont (1998) argued 
that Popper’s falsification is not really how science has proceeded historically. In 
particular, they take issue with his insistence that failure to falsify does not raise the 
probability of a hypothesis being true. All of this seems to create the impression of 
divergence of opinions, but in fact there is firstly considerable agreement among the 
protagonists in this discussion; and secondly, all of them can be said to be essentially right, 
leaving aside individual emphases. The relativity of all human thought is inescapable, 
hence the highly skeptical position of Popper is the most judicious, but even this outlook 
has a flaw. After a hypothesis has been ‘falsified’, it can be the case that the falsifying 
evidence itself eventually becomes falsified, which may or may not allow the reinstatement 
of the original hypothesis. It is for this reason that I prefer the concept of ‘refutability’, a 
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‘softer version’ to Popper’s, and in my view an option more accurately describing the 
reality of hypothesis building (Bednarik 2011). Kuhn’s model is self-evidently valid: of 
course scientists are only human and will err like anyone else. Lakatos is also right, science 
cannot always proceed purely by falsifiability. In many cases blockages need to be 
circumvented before they can be addressed by falsification. And as Feyerabend indicates, 
a regimented, thoroughly prescribed science is a senseless science. So there is considerable 
agreement among these and other philosophers of science, at least on the specific issue of 
the fallibility of human thought. Interestingly, the American edition of the initially French 
book by Sokal and Bricmont was titled Fashionable nonsense: postmodern intellectuals’ 
use of science, which is reminiscent of Wittgenstein’s definition of philosophy as ‘useful 
nonsense’. 

If philosophy is a nonsense or a game of words, and if science provides only 
uncertainties, how do mere mortals establish what is true? Friedrich Nietzsche’s famous 
aphorism ‘Truth is an army of flexible metaphors and anthropomorphisms’ helps. So does 
the observation that the probably most important question science needs to solve in tackling 
this issue remains supremely un-answered: how does the brain create a construct of reality 
from the random sensory information it receives from outside the neural system and from 
proprioceptive data? After all, in the selection of our sensory abilities and ranges, the 
criterion of natural selection was never the utility in defining reality; what our species (or 
any other) ended up with is truly random, the result of a totally dysteleological process 
(Bednarik 1985). 

This is a fundamental prelude to understanding how our ideas of reality are created, 
and yet we do not know the answer. None of the explanations proffered so far have been 
substantiated, including my own (Bednarik 2011, 2012). The quest to explain how reality 
can apparently be experienced ‘consciously’ is comparable to finding a self-consistent set 
of axioms for deducing all of mathematics (Hofstadter 2007), which Kurt Gédel has long 
shown to be impossible. The best option I have been able to come up with (Bednarik 2012, 
2013) is that our ability to generate constructs of reality resembles the mechanism of body 
awareness: how we make judgments about our own or conspecifics’ body movements or 
postures. Body awareness is established in the right hemisphere’s superior parietal lobule, 
which has been suggested to run a virtual reality simulation of the corresponding 
movements in our brain in the case of observing conspecifics (Ramachandran 2009a; 
Oberman and Ramachandran 2009). In this, mirror neurons (Di Pellegrino et al. 1992; 
Rizzolatti et al. 1996; Braten 2004; Ramachandran 2009a) are very probably involved. I 
have proposed that human constructs of reality are established by the brain creating a 
virtual reality-like model of the external world (perhaps in the parietal lobe?) in much the 
same way as the mental image of the body is formed. 

That our self is not the monolithic entity it believes itself to be is demonstrated by 
numerous neurological conditions, such as apotemnophilia (alienation of a body part), out- 
of-body-experiences, transsexuality, Cotard’s syndrome (patient is convinced to be dead), 
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Capgras delusion (patient experiences familiar entities as substitutes or imposters), or 
akinetic mutism (patient is completely unresponsive) (Ramachandran 2009b). For instance, 
out-of-body-experiences can be accounted for by susceptibility to proprioceptive drift, 
demonstrated by the rubber hand illusion (Peled et al. 2003; Thakkar et al. 2011). To make 
a judgement about somebody else’s movements, our brain runs a virtual reality simulation 
of the corresponding movements (Ramachandran 2009a). 

These various insights bring into focus the most profound question humans can ask: 
how does the brain generate reality from the sensory input of the phenomenal world to 
form a construct of external reality? Put simply, the parietal lobe might be creating a 
virtual-reality-like model of the external world, much in the same way as it forms a mental 
image of the body. Once again, Plotkin’s (2002) idea of an imagined world made real seems 
to be supremely veracious, and with that fundamental insight the illusion of a human 
facility of determining what is real fades away on our ontological horizon. I recognized 
several decades ago that there is no reason why an entirely false reality could not be 
invented and maintained in perpetuity by an intelligent organism, provided it is internally 
consistent. Over a third of a century ago I dispatched naive, autopoietic positivism with 
these simple observations: 


The basis on which human sensory abilities were selected by evolutionary processes 
was not that of suitability for defining objective reality. We would not have colour vision 
if it had not been of use at some evolutionary stage, for example for detecting ripe bananas. 
In general, the type and range of human sensory equipment (e.g., range of wavelengths) 
does not differ markedly from those of other mammals, and even other species. It is even 
in tune with some characteristics of the flora, such as those of bananas. Hominids would 
not have survived for one single day if the range of their sensory organs had differed 
dramatically from those their environment was adjusted to. 

If humans had black and white vision, like the cat, they would think that this is the 
most ‘complete’ way of visual perception possible. We can speculate that sophisticated 
animal experiments would have shown them one day that certain animal species react 
differently to identical shades of grey if these are the result of different wavelengths of 
light. Humans would have wondered what the purpose of this odd sensitivity to the 
wavelength of reflected light could possibly be. Without any idea of what colour is, or how 
it could be imagined, they would have probably registered just another useless ‘residual 
ability that may have had some evolutionary significance once’. How many such 
misunderstood abilities exist in the animal kingdom alone? 

Now, let us imagine that all creatures lack colour vision. What chances would we then 
have of discovering the existence and quality of colour? Yet colour is a phenomenon that 
should be quite easy to comprehend theoretically, at least in comparison to those 
phenomena that we humans do in fact not know about presently. 

Science relies on the human sensory experiences and on the correlations, deductions 
and inductions the human brain is capable of. Both these sources of wisdom are no doubt 
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severely limited, and we have absolutely no way of knowing the full extent of this 
impairment (Bednarik 1985). 


Naturally Plato’s insight that humans resemble his prisoners in the cave is entirely 
counterintuitive; it runs against common sense. But then, common sense is simply the 
mechanism developed by the brain of dealing with the limited sensory world it happens to 
experience because natural selection equipped us with certain abilities. It is simply the 
product of autopoiesis, a self-maintaining and self-regulating system. The only reality 
humans can know is that which is represented by human thought (Bednarik 1985, 1990b). 
“The content of cognition is cognition itself’ (Maturana and Varela 1980: xviii); 
“autopoietic mechanisms operating as self-generating feedback systems ... cannot be 
separated from those who manipulate and use them” (McGann 1991: 15). Human cognition 
possesses sufficient processes within it to maintain the whole. Just as there is no self- 
consistent set of axioms for deducing all of mathematics, the self-referential nature of 
human notions of reality is impervious to falsification. The evolution of human sensory 
faculties and intellect can be assumed to have only equipped us with adequate faculties to 
make them useful; there is no evolutionary benefit in the ability of defining the reality of 
the cosmos correctly (Bednarik 1984). 

Therefore, the roots of science need to be understood before we make judgments about 
its veracity. The very concept of science does not necessarily refer to the work done in 
laboratories and observatories, or what is today taught as Science. Ethnoscientists have 
existed since the ‘dawn of time’. Apophenia, the detection of patterning in the way 
evidence presents itself, is an essential component in all reality-building strategies of 
humans. But more often than not, it leads to incorrect ideas: because a certain element 
appeared before some specific event, that element may become associated with the generic 
event: for instance, a specific bird is observed a few times before someone in the 
community dies, so it becomes the harbinger of death in that group. Most modern 
Westerners lack any understanding of how totally different the cognitive world of other 
traditions is or was, and would struggle understanding the thinking of their own ancestors 
just a few centuries ago. Ethnography provides myriad examples of this; consider just the 
work of Lévy-Bruhl (e.g., 1910, 1923, 1935, 1949). 

There are good neuroscientific reasons for these great discrepancies. The 
neuroplasticity of our brain facilitates great changes in the chemistry, structure and amount 
of gray matter that reflect the ontogenic experiences of each individual (Maguire et al. 
2000; Draganski et al. 2004; Smail 2007; Malafouris 2008). Not only are the intrinsic 
neural and endocrine systems crucial in determining behavior, their expressions determine 
the realities we experience individually. The point is well exemplified by the huge 
differences in the brains of, respectively, literate and illiterate conspecifics: their synaptic 
organizations have followed quite different developmental trajectories (Helvenston 2013). 
Indeed, the use of any symbol system, including computer languages, conventions for 
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diagrams, styles of painting, reshapes the brain and thereby influences our perceptions and 
thought patterns (Goodman 1978). Moreover, the differences between extant conspecifics 
applying, respectively, ‘magical thinking’ (a better term is ‘associative thinking’) or well- 
integrated cause and effect reasoning, are obviously profound. 

Nevertheless, there is really only one fundamental difference between the cognitive 
world governed by ethnoscience and that ruled by science as it is understood today. 
Ethnoscience lacks a governor distinguishing between probably valid and probably invalid 
propositions, whereas modern science does attempt to manage this distinction by applying 
refutation to propositions. Whilst science is therefore much more credible, this does not 
imply that ethnoscience failed consistently. Rather, it was unable to determine whether its 
ideas were valid. For instance, we know from various sources that ethnoscientists of the 
distant past observed astronomical phenomena of various types and were successful in 
posing and to some degree testing certain explanations. There are numerous cases from 
various parts of the world in which the level of commensurability between physical 
evidence, such as alignments with astronomical phenomena (e.g., equinox) and the 
movement of heavenly bodies is so close that such connections seem very real. Basic 
astronomical understanding of many ancient societies of the Holocene has been 
demonstrated satisfactorily and certain beliefs of many traditional societies reflect such 
understanding. Here we can consider ‘the oldest continuing cultural tradition in the world’, 
that of the Australian Aborigines. They understood that the Sun goes clear around the Earth 
and that the tides are caused by the Moon (Warner 1937; Wells 1964; Hulley 1996). What 
causes both lunar and solar eclipses is correctly defined in myths about the Sun-woman 
and Moon-man (Warner 1937; Bates 1944; Johnson 1998), Indeed, an influential 
ethnographer of Aboriginal societies suggested that the indigenes of central Australia had 
known and named every one of the c. 400 stars up to the fourth magnitude (Mountford 
1976). Such scientific feats suggest that ethnoscientists were capable of a great deal of 
observation without any equipment, under minimalist conditions, and it is reasonable to 
attribute similar understandings to other pre-Historic people. (Note that the concept of what 
is ‘history’ is different from ‘History’: the former is a generic term for the past considered 
as a whole; the latter expresses the ethnocentric notion that history begins with an arbitrary 
criterion nominated by hegemonic colonialist ideology. Consider that there is no proof that 
written transmission is more reliable than oral; that for most of written history, writing was 
in the hands of the ruling classes; and that the concept of ‘prehistory’ may be offensive to 
the majority of humans who ever lived, and would include the illiterate masses until very 
recent history. Therefore, the capitalized term ‘History’ defines the period regarded by a 
small elite as constituting history.) 

Naturally ethnoscientists were interested not only in astral phenomena, but in all 
aspects of their empirical world. Their knowledge of botany or zoology was extremely 
detailed, sometimes exceeding that of the relevant academics today. Of particular interest 
in the present context is their perception of geology. Let us be quite explicit here: if I had 
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stood in a European town square just a few centuries ago and publicly declared that there 
was a time, in the most distant past, when all the rocks were soft, | probably would have 
been burnt at the stake, which an old European custom. Yet among the heathens of the 
colonies, it has been known since time immemorial that all rocks were once soft. For 
instance, the Amerinidians of Brazilian Amazonia have ‘always’ believed this (Stradelli 
1890; Valle et al. 2018). The same can be found in North America (e.g., Young 1992), 
while in Australia it seems that all of the hundreds of Aboriginal tribes hold the same view 
(Bednarik 2016b). 

Today, all geologists agree with these traditional views of geology. Of course all rocks, 
be the igneous, sedimentary or metamorphic, underwent a phase of formation when they 
were ductile, pliable, plastic or malleable. Some were liquid, others occurred as sediments, 
but all of them were soft. Moreover, the indigenous beliefs, that the landscape features of 
the world did not always exist, but where shaped by various forces, e.g., in the Australian 
‘Dreamtime’. So that raises two issues. First, were the Europeans more ignorant than the 
indigenes of other continents; and second, how did the latter manage to have the more 
advanced cosmology despite their less developed technology? In answer to the first 
question, it is less an issue of ignorance, and more of religious beliefs. Dogma has always 
prevented the development of understanding or knowledge, and this is just as much true 
today as it was centuries or millennia ago. Celebrated scientific breakthroughs in Europe 
are only important because they occurred despite the severe religious conspiracy against 
enlightenment. 

The answer to the second question is more interesting, in that it addresses matters of 
ideology and epistemology. In the case of geology and geomorphology, we need to assume 
that the Indigenes observed such features as fossil casts, lava flows, stratified rock sections 
and aeolian bedding in sandstones. They also noted the changes in the landscape due to 
floods, landslides, fluvial action, eruptions, sinkhole collapses and the like, i.e., they 
observed that landscapes are not immutable but evolve through time. All of this is 
incompatible with the doctrines of most religions, and dissenters were frequently executed 
in previous centuries. What is relevant here is that the cosmology of Indigenes was, to a 
significant degree, based on ethnoscientific principles, on observation and logical 
deduction. Viveiros de Castro (1992) has poignantly commented on the differences 
between Amazonian views that it is culture which binds all living beings together, whereas 
they are divided by their different nature, their bodies. This differs sharply from the 
European binarism of culture versus nature, which has its basis in religion. The Amazonian 
Amerindians used principles of science when they experimented on captured conquistadors 
by drowning them to see if they would rot, like other humans. By contrast the Christians 
were more concerned at first contact whether the ‘heathens’ had souls and perhaps were, 
as Lévi-Strauss (1966) wryly observed, better in the ‘social sciences’. 

One of the most profound effects of religion on science has been in biology, where the 
all-important theory of evolution has been precluded from consideration for at least one 
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millennium. The indigenous peoples of the world have believed for thousands, if not tens 
of thousands, of years that humans derive from other animals. Once again we can 
reasonably assume that they figured that out from observation and deduction. They would 
have noticed the uniformity in skeletal details and various organs across so much of the 
animal kingdom, and even in Australia, with its lack of non-human primates and many 
eutherian families, the Aborigines accepted universally the continuity between humans and 
other mammals. In Europe, such heresy was highly offensive until the mid-19th century 
and the dogma remains widely preferred even now, especially in the United States. 

The general idea of natural selection had been expressed since the heyday of Greek 
philosophy: consider the ‘ladder of nature’ (scala naturae) of Aristotle. Natural selection, 
environmental determinism, the struggle for existence, the transformation of species into 
others were all clearly defined in Arabic literature, initially by Abu ‘Uthman ‘Amr Ibn 
Bahr Al Qinanih Al Fuqaymih Al Basrih, known as Al-Jahiz (776-869 CE). His work 
marks the formal introduction of natural selection, and his Kitab al-hayawan (‘Book of 
animals’) is a seven-volume encyclopedia of at least 350 varieties of animals. Al-Jahiz 
introduced the concept of food chains and also proposed a scheme of animal evolution that 
entailed natural selection, struggle for existence and possibly the inheritance of acquired 
characteristics. For instance, he noticed how the environment was responsible for the 
different human skin colors, he recognized adaptations and he reported ethological 
observations. One thousand years before Darwin, Al-Jahiz believed that plants evolved 
from inanimate matter, animals from plants, and humans from animals. He stated: 


Animals engage in a struggle for existing, and for resources, to avoid being eaten, and 
to breed ... Environmental factors influence organisms to develop new characteristics to 
ensure survival, thus transforming them into new species. Animals that survive to breed 
can pass on their successful characteristics to their offspring. 


Many Muslim scholars adopted Al-Jahiz’s views subsequently, including Al-Farabi 
(870-950), Abu Al-Hasan Al-Mas’udi (d. 957), Muhammad al-Nakhshabi (10th century), 
Ibn Miskawaih (d. 1032), Ibn Sina (980-1037), Al-Biruni (973-1048), Raghib Al-Isfahani 
(d. 1108), Ibn Tufayl (1100-1186), Ibn Rushd (1126-1198), Maulana Jalal Al-Din Rumi 
(1207-1273), Al-Damiri (1344-1405) and Ibn Khaldun (1332-1406). Sections of Al- 
Jahiz’s book on evolution were also translated into Latin in 1617 (Paris) and 1671 (Oxford). 

Darwin’s grandfather, Erasmus Darwin (1731—1802) encountered the idea and his 
grandson proceeded to collect a great deal of evidence by observations to support this idea. 
It needs to be appreciated that Charles Darwin read Arabic and had direct access to Arabic 
literature. He was introduced to Islamic culture in the faculty of religion at the University 
of Cambridge and learnt Arabic in order to understand Islam. He was then a student of 
Samuel Lee, who was well-versed in oriental sources (Zirkle 1941). In fact, even in the 
years after Darwin’s seminal 1859 volume, evolutionary theory was defined as the 
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“Mohammadan theory of evolution” (Draper 1875: 118). Academic propaganda 
suppressed this knowledge, just as it buried many other inconvenient details. Bearing in 
mind that Darwin was familiar with the Arabic literature, and Wallace almost certainly was 
not, the latter deserves greater credit for originality of thought. Darwin merely tested the 
proposition; Wallace apparently came up with it independently, besides testing it also 
independently. Indeed, the most admirable aspect of Darwin’s work is that he overcame 
the limitations society, culture and especially religion had imposed on him. 

We began this introductory chapter with the observation that in each discipline there 
are relatively unexplored nooks and crannies, where the most unexpected discoveries can 
be made by those who explore these neglected corners. This is because of the rather 
cumbersome operation of the academic system, its prioritized concerns and inclinations, 
and especially in recent decades, its gradual corporatization. Between the peaks along the 
cutting edge of science, in the twilight of the ignored research questions, the enterprising 
investigator can find astonishing new discoveries, if he or she can think outside the box. 
That can mean that scholars from other disciplines or autodidacts are better placed to 
undertake such explorations than mainstream academics who must adhere to the dominant 
paradigm and who are obliged to participate in the fads of their specialty, lest they miss out 
on funding. This volume is dedicated to work unencumbered by the need for conformity. 

We then considered the nature of scientific epistemology, its relativist framework and 
the helplessness of science in dealing with some of the most fundamental issues of human 
existence. We noted that scientific frameworks have survived for many millennia, and that 
ethnoscientists have correctly explained important phenomena of nature since time 
immemorial. Indeed, until a few centuries ago their cosmology was more advanced than 
that of Europeans: had they mastered the distinction between associative thinking and 
cause and effect thinking, they would have gone even further, using only observation and 
logic and almost no form of instrumentation. One can well imagine the following scenario: 
in the early 19th century, the British settlers of Australia exhorted the Aborigines to 
abandon the ancient ideologies, to forsake their beliefs that humans descended from other 
animals. Then, in the second half of that century, they taught the Indigenes that a wise man 
far away in England had just discovered that humans descended from other animals. 
Perhaps the Aborigines responded by acknowledging his outstanding wisdom, with a little 
smile. Yes, the Aborigines did not publish the idea, but they had no need to do so: everyone 
in their world knew what Mr. Darwin had only just realized. What neither they nor the 
English knew was that the idea had already been published a thousand years earlier, and 
was widely known in the Arabian literature. 

It must have seemed all a little farcical to Aborigines. As one of them once confided 
to me, the Whitefellows are strange creatures: on the one hand, he said, they are so clever 
and enterprising that they can build trucks and construct roads deep into the Australian 
desert to drive them on. But the road they build leads nowhere special, it simply ends in 
the middle of a featureless arid plain. My teacher could not know that the road was only 
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built to bring in a geological drilling rig and was then abandoned. But his argument is 
sound: our relentless march ‘forward’ has not been an unmitigated success for our species. 
For one thing, it has made the destruction of the planet not just possible, but quite 
inevitable. It does not matter whether it will be destroyed by nuclear holocaust, climate 
collapse, overpopulation, biological calamity or any of the other humanly induced 
catastrophic scenarios one can envisage. It is true that Aboriginal society has sustainably 
persisted and prospered for perhaps 60,000 years, but one has to be an extreme optimist to 
hope that Western civilization could endure the next few millennia. Considering its track 
record of religion, being “fruitful and multiplying”, its slavery, colonization, environmental 
destruction and the rest of it, optimism might be misplaced, and it seems justified querying 
the value of humanity: is it a worthwhile project? 

However, the facility of science does make human progress worthwhile, perhaps in 
much the same sense that the main justification for the continuation of humanity has been 
said that, once in a while, it produces genius. Just as the occasional Plato, Mozart or da 
Vinci are thought to justify the continuation of our genus, pure science conducted for its 
own sake, simply to light a candle in the dark, does seem to justify the continuation of this 
voracious species. Science unsullied by greed ennobles us. This volume will be guided by 
a longing for such an unadulterated search for understanding. 


ABOUT TRIBOLOGY 


As the science and engineering of interacting surfaces in relative motion, tribology 
covers a great deal of territory. Its main applications are in materials science, engineering, 
physics and chemistry, but also in biology (Figure 2). By comparison, its applications in 
geology have been relatively neglected and made little use of by geologists, and the present 
book is a small effort to address that lacuna. The term ‘tribology’ was coined by Peter Jost 
(1966) and derives from a combination of the classic Greek tpiBa (tribo), which means ‘I 
rub’; with the suffix -logy, from -Aoyia (logia), or ‘knowledge of’. Broadly speaking, the 
discipline deals primarily with friction, wear, and lubrication, and its main applications are 
in the field of mechanical engineering. However, this is merely an expression of the 
principal economic applications of tribology. Indeed, Jost’s seminal publication was an 
exploration of the failures of plant and machinery and the associated economic costs. It 
highlighted the huge cost of friction, wear and corrosion to the British economy in the early 
1960s, which was determined to be 1.1—1.4% of GDP. In response to this influential report, 
universities then began establishing relevant courses in their mechanical engineering 
curricula. 

Therefore, the initial focus of the discipline was on the operation and lifecycle of 
machinery, especially industrial machinery. However, since the 1960s it has been realized 
that its principles have much wider applications elsewhere. Among them are biomedicine, 
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nanotechnology and the technology of alternative energy sources. For instance, 
nanotribology involves the commercialization of microelectromechanical and 
nanoelectromechanical systems, such as disk drives or magnetic storage systems. Scanning 
probe technologies have given rise to the investigation of processes at the microscopic, 
molecular, and even atomic levels. These have led to the development of chemical and 
biodetectors, drug delivery systems, molecular sieves, chip systems, nanoparticle- 
reinforced materials and a new generation of lasers. 
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Figure 2. A traditional view of the discipline of tribology. 


This is an indication of the great complexity developed in economically important 
spheres. Generally, tribology and its derivative field, tribochemistry, may deal with 
individual components (e.g., brake linings, gears, bearings), assemblies or products (say, 
engines or rock climbing shoes), with specific manufacturing processes (rolling, turning, 
stamping, etc.), in construction and other industries (tunneling drills, excavators, pumps, 
drilling rigs), space exploration, and—rather as an afterthought it seems—with ‘natural 
phenomena’. The industries making use of tribology are numerous: aerospace, agriculture, 
automotive, coating providers, cosmetics, dental implants, energy generation (nuclear, 
wind, fossil, and solar), fabric, flooring, food, processing, highways and transportation, 
lubricants, manufacturing, medical diagnostics and implants, military, pharmaceutical, 


sports equipment, and so forth. 
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Jost (1966) even introduced the concept of a ‘green tribology’, defining it as the 
“science and technology of tribological aspects of ecological balance and of environmental 
and biological impacts”. This has become particularly relevant and timely in today’s world, 
most specifically in energy conservation and environmental sustainability. Jost’s early 
estimates have been broadly confirmed in a detailed review half a century later. Holmberg 
and Erdemir (2017) considered the four main energy consuming sectors, transport, 
manufacturing, power generation, and residential. They concluded that about 23% of the 
world’s entire energy consumption is attributable to tribological factors, and effectively 
goes to waste: 20% is attributable to friction and the remaining 3% to repair and 
replacement due to wear. Technologies of reducing friction could lower energy losses due 
to friction and wear by 18% in eight years, or 40% in fifteen years. Globally, they 
confirmed Jost’s estimate of savings of 1.4% of annual collective GDPs, and 8.7% of total 
energy consumption. Holmberg and Erdemir envisaged the largest energy savings in 
transport (25%) and in power generation (20%). The implementation of advanced 
tribological technologies could reduce global carbon dioxide emissions by 1460 tons of 
MtCOy; and result in cost savings of €450 billion even in the short term. 

Nosonovsky and Bhushan (2010) have emphasized three areas of a tribological 
approach to green concerns: biomimetics, lubrication, and renewable energy. For instance, 
wind turbines are subject to costly tribological glitches, e.g., concerning gearboxes, turbine 
lubrication, hydraulic systems of blade pitch control, drive train brake systems, and 
bearings, especially in extreme environments. These authors have suggested twelve 
principles of green tribology: 


(1) Minimization of friction. 

(2) Minimization of wear. 

(3) Reduction or elimination of lubrication. 
(4) Natural lubrication. 

(5) Biodegradable lubrication. 

(6) Use of sustainable chemistry and engineering principles. 
(7) Biomimetic approaches. 

(8) Surface texturing. 

(9) Environmental implications of coatings. 
(10) Real-time monitoring. 

(11) Design for degradation. 

(12) Sustainable energy applications. 


Biotribology is another rapidly growing application of the discipline, addressing 
tribological phenomena occurring in either the human body or in other animals. 
Tribological systems of biomedicine draw on an extensive range of synthetic materials and 
natural tissues, such as cartilage, blood vessels, heart, tendons, ligaments, and skin. 
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Biotribologists also operate with concepts of friction, wear, and lubrication, including the 
design of joints and prosthetic devices, the wear experienced by screws and plates in bone 
fracture repair, the wear of dentures and restorative materials, the wear of heart valves, or 
the tribology of contact lenses. Tribotronics is concerned with the increase of machine 
efficiency and lifetime through integrating active loops into tribological systems. Another 
specialized field is computational tribology, which tries to model the behavior of systems 
through multiphysics simulations, engaging disciplines ranging from contact and fracture 
mechanics to computational fluid dynamics. Recently, space tribology has also established 
a niche, addressing tribological systems suitable for the environmental conditions not only 
in outer space and operating extreme temperature fluctuations, but also meeting the need 
of heat dissipation while craft are travelling in atmospheres. 

Finally, there is geotribology, which is being considered in this volume. It deals with 
the mechanics and chemistry of friction, wear, and lubrication of geological systems, such 
as those dominated by glaciers or tectonic plate movements. Ultimately, earthquakes are 
also tribological phenomena. In the present book I will also introduce a new field of 
specialization in tribology, the study of phenomena created by humans of the 
archaeological past, which is the direction from which I was introduced to the scientific 
discipline of tribology. 

That discipline may have been established and named just half a century ago, but 
quantitative studies of friction can be traced back at least to Leonardo da Vinci, who in 
1493 established the two basic rules of the discipline in his unpublished notes (Hutchings 
2016). He observed, firstly, that frictional difference was the same for two different objects 
of the same weight, even if the contact areas differed. Secondly, he noted the force needed 
to overcome friction increases relative to the weight of the object moved (Figure 3). These 
rules, although not universally applicable, were first published by Guillaume Amontons in 
1699 (op. cit.). They were further developed by Charles-Augustin de Coulomb in 1785, 
who added the observation that kinetic friction is independent of sliding velocity (Dowson 
1998). The first recorded test of frictional wear was conducted to evaluate the wear rate of 
gold coins, at the behest of the Privy Council of Great Britain. Charles Hatchett and Henry 
Cavendish conducted the experiment in 1798 and reported that coins with grit between 
them experienced greater wear than without (Chaston 1974). 

In the mid-20th century, systematic work commenced with several pioneers of the 
discipline. Frank P. Bowden and David Tabor produced the first part of a textbook on 
friction and lubrication (Bowden and Tabor 1950—1964[2001]), while John F. Archard 
established the theory of asperity contact (Archard 1953). Michael J. Neale’s Tribology 
handbook first appeared in 1973 and was republished in updated form in 1995. By the late 
20th century the branch of learning was well established and had developed into the great 
diversity described above. Numerous national and international scholarly societies had 
become established. However, in an academic sense it also developed a significant 
predisposition favoring the technological and industrial aspects, i.e., those facets of the 
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discipline that were of the greatest economic consequence. This is not surprising, much the 
same has occurred in fields such as geology. These bias led to a complete neglect of 
scientifically important applications of tribology, and at the same time a degree of 
distortion of the original charter crept in. Most notably, no analytical investigations of the 
artifacts of the human past have been inspired by tribology, yet it is obvious that friction is 
relevant to their production and wear to their use. 





Figure 3. Leonardo da Vinci’s drawing of his experiments in 1493. 


Particularly conspicuous is the exclusive focus of the discipline on frictional wear, 
when in fact its purpose is the study of ‘interacting surfaces in relative motion’. Surfaces 
in relative motion do not interact only through frictional contact, i.e., a sliding movement; 
they also interact through impact or percussion. This, of course, is of much lesser 
importance in machines, biotribology or other such specialties. However, there are many 
processes where understanding contact by impact is important to their comprehension. In 
particular, here we are concerned with geotribology, and in that field impact is not only as 
important as friction, it is in fact obvious that the two cannot be properly separated. Rather, 
they are the ends of a continuum. It is near-impossible to separate, in the behavior of a 
suspended load of a river, the effects that derive from impact from those occasioned by 
abrasion. The same applies to any fluvial or aeolian load, irrespective of granular fraction. 
A river cobble being transported in a bed load is worn round, but it is difficult to say which 
part of the wear derives from friction, which from impact. The same applies to the wear 
experienced by bedrock affected by a fluvial sediment, and many other examples of such 
combined effects can be considered. 
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Similar effects of distortion of the rationales of disciplines as they become dominated 
by particular specialties exist elsewhere and they have adverse academic effects on any 
field. Perhaps the best example is forensic science, a subject that has been almost totally 
hijacked by criminology. And yet the underlying principle of forensics, Locard’s Exchange 
Principle, is much more closely associated with tribology than with any other discipline. 
Locard’s Principle basically states that whenever two objects come into contact with one 
another, a transfer of material will occur. That transfer may be tenuous, but it will 
nevertheless take place (Miller 2003: 172). The fact that it can in extremely rare cases result 
in solving crimes is purely incidental, yet it has usurped the discipline to the extent that it 
is now deemed to include any activity related to crime solving. 

An opposite effect can also be observed when a discipline is founded on a relatively 
narrow theoretical basis, but it is later realized that its principles are much more widely 
applicable. A good example of this is taphonomy, a discipline originally established to 
replace actuopaleontology, the kind of paleontology practised in the 1930s. Efremov 
(1940) presented the idea that the quantified characteristics of a record of past events or 
systems are not an accurate reflection of what would have been a record of the live system 
or observed event. Hence the word’s original use was in paleontology, but even here the 
concept has been seriously considered only since the 1960s. Efremov introduced the term 
in an effort to seek laws explaining the processes relating to the burial of bones within a 
single framework. This fundamentally scientific approach to the study of fossil remains 
was gradually taken up by paleontologists over the following decades (e.g., Behrensmeyer 
1975, 1978; Hill 1976, 1979; Gifford 1981). During the 1980s, archaeologists finally 
realized that the underlying principles also applied to their discipline (they also apply to 
geology, sedimentology, palynology, in fact any discipline which deals entirely with 
phenomena and events of the past, and which is traditionally based on uniformitarianist 
logic), and after initially restricting their application still mostly to faunal remains, they 
eventually perceived that the concept has a much broader application. For instance, in 
Australia it was realized that the underlying principles were also applicable to stone 
implements (Hiscock 1985, 1990; cf. Solomon 1990), and I extended their use to rock art 
(Bednarik 1994). 

Today the term ‘taphonomy’ is rather a misnomer (tapho- refers to ‘grave’) and 
archaeologically it now denotes the study of the transformation of any materials into what 
is referred to as the ‘archaeological record’. Thus an idea was exapted once it emerged that 
it has much wider applications than the one it was originally designed for. This also 
illustrates again how the vocabulary of science has to remain flexible to accommodate 
changes in scientific understanding: science is always in a state of flux and its terminology 
must remain adaptable, not become normative. But by the same token, it must not be 
decided by fads or economic priorities within disciplines; the greater picture always needs 
to be considered. For instance, disciplines such as forensic science or tribology need to 


22 Robert G. Bednarik 


preserve their scientific context, not be driven by internally dominating forces to the extent 
that unpopular aspects are abandoned. 

Let us briefly look at the underlying principles of tribology. Friction is defined as the 
resistance to the relative motion between two bodies in contact. The forces between them 
when they touch can be divided into microscopic forces of molecular adhesion (such as 
van der Waals forces, electrostatics, metallic bonds) and microscopic forces of mechanical 
abrasion (such as elastic and plastic deformation). The surfaces of all solid bodies are 
neither flat nor, in most circumstances, of the same materials as their interiors. Rather they 
are likely to comprise cutaneous deposits of adsorbed contaminants, oxides, and modified 
layers of the bulk material. In engineering studies, these modified laminae are only in the 
order of nm or um thick, whereas the weathering zones of rocks can be thousands of times 
as deep. There are also likely to be various contaminants present at the interface between 
two bodies in contact, such as oxides, adsorbed films and gases, and other particles. 
Friction is a system property, not a material property. It is dependent upon many factors, 
including surface asperities (roughness), surface chemistry, lubricant, contact stress and 
geometry, ambient temperature and environment, and sliding speed. It is expressed by the 
coefficient of friction (u): 


u=F/N (1), 


F being friction force and N being normal load. The surface roughness, a particularly 
important contributor to friction, dictates both contact area and contact stresses (Figure 4). 
The asperities have both mechanical and chemical properties and their geometry and 
distribution are crucial in determining friction. 


Abrasive wear Friction and wear 


Two body abrasive wear 
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Figure 4. Basic principles of frictional tribology. 


The variable of wear refers to the removal of material from one or both of the two 
bodies subjected to contact and relative motion. Six primary wear modes are distinguished: 
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1. Abrasive wear, scratching: essentially, the harder material abrades or scratches the 
other. 

2. Adhesive wear, galling, scuffing: stacking fault energy, crystal structure, natural 
oxide formation all influence adhesive wear. 

3. Fretting/fretting corrosion: small amplitude displacements that often oxidize. 

4. Erosive wear, cavitation, impact, electro-arcing: dependent on particle size, shape, 
composition, angle of impact or contact, and ductility. 

5. Rolling contact fatigue, spalling, delamination: accumulation of these stresses 
leads to subsurface crack formation, cracks develop toward the surface and lead to 
spalling. 

6. Tribo-corrosion: wear in the presence of corrosion can have synergistic effects. 


Two sub-disciplines of tribology have seen some degree of development in recent 
years, geotribology (which is the subject of the next chapter) and tribochemistry. The 
second of these has been defined as the chemical reactions that occur between the 
lubricant/environment and the surfaces under boundary lubrication conditions (e.g., Hsu et 
al. 2002). This description is clearly very narrow and restrictive, and does not remotely 
characterize the chemical reactions occurring when any two surfaces in relative motion 
interact. As there are numerous materials involved in the study of tribology, and as the 
interaction with lubrication is not greatly relevant to most tribological processes, a much 
more inclusive definition needs to be adopted. Tribochemistry needs to involve all 
chemical consequences of tribological effects, be they abrasive or percussive—or as we 
shall see, even compressive. These can be expected to be very diverse and complex, and 
they will demand a great deal of attention to detail. In a later chapter we will consider just 
one specific example, illustrating the great research potential of the general subject. 


SCOPE OF THIS BOOK 


With this we complete the review of the key issues in mainstream tribology, noting 
again its heavy emphasis on the engineering aspects. In this book we will focus on the non- 
engineering attributes, particularly in the fields of geomorphology, archaeology, and rock 
art research. Geotribology is concerned with very large-scale phenomena, particularly 
related to plate tectonics, as well as with processes occurring at the microscale, such as the 
saltation behavior of fine suspended loads in rivers. All of the features we have mentioned 
in engineering applications, relating to friction and wear, are just as relevant in 
geotribology, although some are far more prominent there than others. In fact, some of 
these effects are significantly more spectacular and involve far greater masses than they 
could possibly entail in the engineering applications of tribology. The closer one looks at 
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the comparison, the clearer it becomes that in tribology, as in so many other disciplines, it 
could be said that the tail has been wagging the dog. 

Consider, for instance, that engineering functions only contemplate solids and 
lubricants, but friction can also occur between solids and gaseous substances, such as 
atmospheres. To cite an example discussed below, one of the greatest engineering problems 
with space craft concerns the dissipation of heat as they leave or enter an atmosphere. This 
is certainly a concern of tribology, but there have been no concerted efforts in that 
discipline to explore the geometry of the protective tiles from its perspective. Indeed, heat 
dissipation has not been a priority. 

The main difference between engineering and non-engineering applications of 
tribology seems to be that the latter range much more widely and are scientifically more 
rewarding, while the former, covering a relatively small range, are more susceptible to 
immediate economic returns. Science, I suggest, is in this for the long haul, and needs to 
focus on exploring underlying principles, not cost-effectiveness. In this volume we will 
consider the many diverse aspects of tribology that have not attracted the attention of the 
discipline’s mainstream. We will explore various areas of geology, such as glacial 
striations on bedrock, the rock markings produced by many different agents, the mechanics 
of fluvial and aeolian erosion by tribology. Even a new field of tribology will be introduced, 
that of relating its principles to matters of archaeology. Finally, I will also present a new 
tribological phenomenon of nature, but one that was first recognized in the field of rock art 
research, before its relevance to geology became apparent. Rock art certainly owes its 
existence to tribological processes, especially that half of rock art that is called petroglyphs: 
humanly made rock markings deriving from a reductive process of manufacture. 

In short this book has an ambitious, perhaps over-ambitious rationale, and it may fall 
short of its professed purpose. But in order to make progress, my initial modest endeavors 
may be of value. 
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Chapter 2 


TRIBOLOGY IN GEOLOGY 


ABSTRACT 


The chapter begins by examining a particular geological phenomenon that is caused 
by tribological effects, potholes. Developing from this example, it builds a comprehensive 
exposition of geotribology, beginning with the generic group potholes belong to, the 
phenomena formed by particles transported by fluid flow. Fluvial processes are the first to 
be examined, i.e., those caused by particles propelled by flowing water. The mechanics 
and effects of particles driven by another fluid, air, are explained next. This is followed by 
the tribology of glacial movements, and their effect on landforms. The largest-scale 
tribological process on Earth, the movements of continental plates, and their effects are 
considered next. The chapter concludes with descriptions of other geological aspects of 
tribology, such as kinetic and biological rock markings, and rock markings incidental to 
human activities. It also reminds us that geofacts are tribological phenomena too. 


Keywords: tribology, geology, fluid, pothole, fluvial erosion, aeolian erosion, glacial 
erosion, plate tectonics 


ABOUT POTHOLES 


The Introduction has clarified that tribology deals essentially with friction, wear and 
lubrication. The latter is of somewhat lesser importance in geology than it doubtlessly is in 
engineering systems. The first two, however, have wide applications in geology, especially 
in geomorphology and geophysics. These range from the nano-scale to a global scale and 
involve many different processes. Yet the underlying principles are precisely the same laws 
that govern engineering tribology. There are distinctive differences of emphasis, and 
geotribology offers a much more comprehensive systemic approach than the selectiveness 
inherent in the mechanical engineering field. This is most clearly expressed in the inclusion 
of impact or percussion, which is certainly an integral part of studying ‘interacting surfaces 
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in relative motion’. In fact, as noted in the Introduction, friction and impact are merely 
parts of a continuum; they are in reality very difficult to separate and intermediate forms 
of wear, i.e., forms that combine both types, abound in geotribology. Therefore, it appears 
that the neglect of impact as a driving force of tribology that is apparent in engineering 
approaches is a distortion of the discipline, attributable to the selectiveness of economic 
considerations. In an epistemologically balanced scientific approach, such preclusion is not 
acceptable. Scholars in mechanical engineering would therefore benefit from considering 
a more comprehensive paradigm of tribology. 

Moreover, geotribology casts its net much wider than any engineering application. The 
latter tend to focus on specific practical issues on economics, such as the cost savings of 
better lubrication, the material properties of various alloys, or the chemistry of tribofilms. 
Geological treatments of tribology involve no economic considerations, no preconceived 
boundaries of the discipline. Any tribological aspect of any of the sub-disciplines of 
geology is of equal germaneness, and its economic consequences are completely irrelevant 
in proper science. Therefore, the range of phenomena to be covered is much greater than 
in ‘mainstream tribology’, providing a salutary lesson about the territory to be covered by 
tribology. This chapter does not attempt to encompass each and every single application of 
tribology in the geological sciences; I can only deal with those I have become familiar with 
through my own work. I look forward to when others will expand my coverage into the 
areas I have neglected. But even without such more comprehensive treatment, the present 
chapter will suffice to show what a complex and all-embracing discipline tribology can be. 
I will attempt to show this first by offering ‘case studies’ of specific phenomena, and by 
then developing generic lines of reasoning concerning tribological phenomena in geology. 





Figure 5. Potholes at Chutu Kollu, near Tarata, central Bolivia. 
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Figure 6. Convex floor pothole (Weinflaschenboden) at Rocas Rio Milloma, near Tarata, central 
Bolivia. 


Potholes are fluvial abrasion hollows caused by the grinding action of clasts caught in 
rock depressions (Alexander 1932; Zen and Prestegaard 1994), scouring the bedrock in 
eddying or swirling water (Figure 5). They range in shape from cylindrical to hemispherical 
and sub-conical or test-tube shaped, and they can vary considerably in size (Gilbert 2000), 
but are most commonly in the order of 5 cm to 20 cm diameter. Except for the smallest 
specimens, their depth usually exceeds their diameter. The largest reported pothole in the 
world, Archbald Pothole in Pennsylvania, is 18 m deep and large enough to accommodate 
two buses. Larger examples that have been reported are the result of other processes. These 
phenomena occur especially along turbulent rivers of high kinetic energy, but they can also 
be found along marine and lacustrine shorelines. Kayser (1912) distinguished between 
Flusstdépfen (fluvial potholes), Gletschertépfen (glacial potholes) and Meermiihlen (marine 
potholes). Morphologically, he divided these phenomena into three types: shallow with a 
Weinflaschenboden (convex floor), deeper with a flat floor, and very deep with a bowl- 
shaped floor and spiral-shaped furrows in the wall. Fluvial potholes develop preferentially 
in rock channels, upstream of waterfalls and at rapids, and they can only begin to form 
where an initial hollow exists that retains swirling sand or clasts (Elston 1917—1918). 
Rehbock (1917, 1925) initiated the complex study of hydraulic energy in potholes. 
Richardson and Carling (2005) limit the term explicitly to round depressions eroded by 
approximately vertical vortexes and through mechanisms other than plucking, thereby 
excluding one of the two types Rehbock had established experimentally. The convex floor 
pothole (Figure 6) is thought to result from the centrifugal force of the abrasive material 
(Schleifmaterial) (Ljungner 1927—1930). 
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Figure 7. Small hemispherical pothole at Punku Cocha, near Tarata, central Bolivia. 


Springer et al. (2005, 2006) have examined the potholes on streambeds using empirical 
analyses of field data and geometric constraints. They report that radius and depth of such 
features are strongly correlated, using a simple power law which they explain. Erosion 
efficiencies within small, hemispherical potholes (Figure 7) must be high if the potholes 
are to survive in the face of streambed fluvial incision. As potholes deepen, the necessary 
efficiencies decline and increasing concavity through growth imposes stricter constraints. 
Thus hemispherical potholes are gradually converted to cylindrical potholes, the 
geometries of which favor enlargement while they are small. More substrate is eroded by 
volume from cylindrical pothole walls during growth than from cylindrical pothole floors 
(Figure 8). Clasts acting as grinders (called ‘tools’ by pothole researchers) play a secondary 
role to suspended sediment entrained within the vortices that occur in potholes. 





Figure 8. Cylindrical pothole at Rocas Rio Milloma, central Bolivia. 
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Figure 9. Two glacial potholes in the Luine Park at Darfo Boario Terme, Valcamonica, northern Italy. 


Marine potholes (Swinnerton 1927: Note 5) are found in places where the bedrock is 
exposed in the zone of wave action, chiefly due to the breakers’ action. The favored 
locations in the formation of fluvial potholes are the upper levels of waterfalls, but the 
perhaps most important prerequisite is the presence of relatively soft bedrock (particularly 
sedimentary rocks, even those lightly metamorphosed) and the involvement of very hard 
abrasive clasts, sand, and silt (especially quartz). The identification of these rock markings 
is particularly difficult when they are found high above a present river course, and heavily 
weathered corresponding to their great antiquity. For instance, at Hoover Dam in the United 
States, ‘fossil’ potholes occur in a paleochannel 275 m above the present Colorado River 
bed (Howard 2004). However, even relatively recent and unweathered examples have often 
been misidentified as anthropogenic (humanly made) markings by archaeologists. Potholes 
can also be produced by glaciers. They tend to be larger than most of the fluvial or marine 
potholes, with diameters of one meter or more commonly observed (Figure 9). This may 
be attributable to the larger sizes of the ‘tools’ caught in them, but the principles 
determining the growth of glacial potholes are the same as they are for water-formed 
examples. 

Of particular relevance is that potholes sometimes co-occur with cupules (see Ch. 4), 
and in such cases it is reasonably assumed that it was the very presence of the potholes that 
prompted the production of the more recent anthropogenic markings (Figure 10). This 
raises interesting issues concerning the functional context of the latter, but it also 
demonstrates that the discrimination between the two forms of rock markings is well 
outside the domain of archaeologists who have misidentified the potholes as mortars, 
tacitas, or cupules in many cases. Examples are the extensive concentrations featuring 
cupules, other petroglyphs and potholes at El Valle de El Encanto and El Valle del Sol 
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Figure 10. Potholes (natural erosion phenomena) co-occurring with cupules near Karakara, central 
Bolivia. 


(Iribarren 1949, 1954; Klein 1972; Ampuero 1993; Ampuero and Rivera 1964, 1971), or 
the potholes in the Coquimbo region (Gallardo Ibáñez 1999), all in Chile (see also Gajardo- 
Tovar 1958-59). The issue, as far as Ihave been able to ascertain, seems to have its origins 
in Menghin’s (1957) pronouncements. Similar cases of misidentification can be cited, 
however, from many other countries, e.g., Azerbaijan (Anati 2001: Figure 10) or Greece 
(Papanikolaou 2005). 

On the other hand, an illiterate Quechua man of Karakara, Bolivia, has insisted that 
potholes near his village were not created by human hand. He has explained that they are 
perhaps the result of lightning strikes, presumably because the specific examples he 
referred to were located on exposed rock outcrops so high above the current riverbed that 
he could not conceptually relate them to the river. While his explanation is not correct, it 
does demonstrate, as I have observed on numerous occasions, that the explanations of 
ethnoscientists (sensu Mark P. Leone) are sometimes closer to those of science itself than 
to those of archaeologists or other humanists. Non-archaeologists frequently outperform 
archaeologists in the identification of supposedly archaeological phenomena (Bednarik 
1994), and this certainly applies to potholes. 

It is self-evident that potholes are phenomena caused entirely by tribological processes. 
Although these include both friction and impact components, it seems most reasonable to 
assume that those involving friction are the dominant contributor to pothole formation. The 
grains caught in the vortex currents inside a pothole, called ‘tools’, are typically of a rock 
type of greater aggregate hardness than the bedrock. Their force and velocity are a function 
of the kinetic energy of the river’s water flow, as it is diverted into the pothole and released 
in the saltation movements of the grains (see below) being transported and caught in the 
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vortex. The centrifugal effect is evident from the spiral-shaped furrows on some specimens, 
and especially by the convex-floor potholes. The latter develop specifically when the 
downward enlargement is more effective in the outer part of the floor than in the central 
part of the pothole. This could imply that the grains were larger or the centrifugal force was 
greater than in the other two forms. The grains might be of any size fraction, from clay to 
boulder, but seem to range in most cases from fine sand to large pebble grade (i.e., from 
0.225 to 64 mm). The wear enlarging the pothole is attributable to the relative hardness 
difference between ‘tool’ and bedrock, but as we will see in the discussion of saltation is a 
good deal more complex than that. Much if not most of this wear is caused by friction, as 
the ‘tool’ plows into the rock surface, but there is also significant wear from impact, as the 
‘tool’ is propelled around the pothole’s void. It would appear that the floor deepening is 
primarily attributable to friction, while the walls of the pothole are more susceptible to 
impact, or perhaps a combination of the two processes. Indeed, pothole development is a 
good example showing that the discrimination between the two processes is certainly 
difficult, if at all feasible. This confirms the need to regard impact as inherent in tribological 
processes. 

The above statements can only account for the basic principles of pothole formation. 
In reality, there are many more detailed aspects to be considered. For instance, saltation is 
accompanied by electrostatic effects, in any fluid, be it water or air. There is also the 
possible development of tribofilms, or the formation of any cutaneous metamorphosis 
products (see Ch. 5). While a pothole forms at a macroscopic level, the precise formation 
details occur at the microscopic level and they have never been investigated in detail. 
Clearly, here is an opportunity of conducting pioneering studies, but of course they are not 
of any economic relevance. From the perspective of pure science, they would be of greater 
importance than the detailed investigation of materials fatigue of machines. Unfortunately, 
science is not a pure search for understanding; its economic bias determines priorities. 


PARTICLE TRANSPORT BY FLUID FLOW 


In the preceding subchapter we have examined the distinctive effects, under specific 
conditions, of transport of solid particles in fast-flowing water, but the subject of their 
transport in a flowing fluid is very much broader than this. In geology, we distinguish three 
forms of transport of grains (of any size) by fluids that are in motion, such as wind or water 
flow. It needs to be emphasized that in scientific usage, ‘fluid’ means not only liquid, but 
includes any substance that continually deforms (‘flows’) under an applied shear stress. 
The science dealing with this is rheology. Besides liquids and gases, plasmas are also 
fluids, as are some plastic solids. The latter can include even very hard rocks, as we will 
discover in Chapter 5. In this usage, a fluid is a substance that cannot resist any shear force 
(an unaligned force pushing two parts of a body in opposite directions) applied to it. This 
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definition of ‘fluid’ differs significantly from the term’s colloquial meaning of ‘liquid’. 
Solid particles can be and frequently are moved by the flow of a fluid such as air or water 
before becoming deposited in another location. Such movement is one of the fundamental 
processes of geology and can occur in one of three processes: while in suspension, through 
saltation, or by creep (Figure 11). 

In suspension, the fluid flow is of adequate velocity and the mass of the particles is 
small enough to allow the grains to remain in suspension for some time. Typical examples 
are sand storms in deserts or suspended loads of rivers. Suspension tends to affect smallest 
particles of the size spectrum; in the case of suspension in air they are generally <70 um 
diameter (Shao 2008). The smaller the particle, the less important the downward pull of 
gravity, and the longer the particle is likely to stay in suspension. In creep (or reptation), 
by contrast, the material rolls downstream in low fluid velocities or where the mass of the 
grains is too high for saltation or suspension (Geschiebe). Reptation is a mode of particle 
transport in which grains are lifted or ejected only weakly and do not rebound or eject. This 
process of transport is assisted by the reduced stability within the supporting sediment. As 
fluid flow removes the smaller particles embedding larger grains by either saltation or 
suspension, the larger particles are then dislodged, particularly in water flow. In the case 
of aeolian transport, as the small grains become airborne and are removed, the large pebbles 
and cobbles remain close to their location and a ‘deflated occupation floor’ might form 
from anthropogenic materials in a sediment. Such features are then frequently misidentified 
by archaeologists as in-situ occupation floors. 







suspension 


saltation 





__ creep 


Figure 11. Movement of particles in a fluid as a function of particle size when in suspension, by 
saltation, or by creep. 


In saltation, once the velocity of the fluid reaches a critical value that is called the 
impact or fluid threshold (Bagnold 1941), the drag and lift forces exerted by the fluid can 
lift the particles to move with the flow. Two forces then come into play: the acceleration 
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provided by the moving fluid, and the downward pull of gravity. Therefore, in saltation the 
particles travel in roughly ballistic trajectories through the fluid (Kok et al. 2012). The 
speed at which a flow of fluid can move grains by saltation is expressed in the Bagnold 
formula, which relates the amount of sand moved by wind to wind speed by saltation. 
According to it, the mass transport of sand is proportional to the third power of the friction 
velocity (Bagnold 1936, 1941). 

While these empirical tools offer the impression that the processes of suspension, 
saltation, and creep is readily quantifiable, this is really only possible in the form of 
approximations. There are several impediments to precision, such as slight variations in 
the speed of the fluid, eddying effects, the static electric fields induced by the saltating 
grains, and other effects. Saltating particles acquire a negative charge relative to the 
ground, which affects the stability of the sand on the ground upon contact with it, 
prompting the loosening of other grains. This effect increases the susceptibility of sand 
grains to succumb to saltation and is able to as much as double the number of grains being 
transported. 

The precise tribology of saltation, or indeed of reptation and travel in suspension, have 
not been investigated in depth. As the grains travel by creep, saltation, or suspension, they 
are subjected to tribology, by both friction and impact. Again, separating one effect from 
the other is difficult, and there cannot be a hard line of separation. The reduction of material 
experienced either by the particle or the bedrock, or both, is partially caused by friction or 
abrasion, partly by impact or percussion. In the case of collision between two grains, 
especially in reptation, either or both particles may be damaged, by one or both processes. 
Any determination of where friction ends and impact begins would be arbitrary. Again it 
is evident that tribologically, impact is as much part of the reductive process (wear) as is 
friction. 

What is of far greater relevance is that in this process of bulk reduction, the primary 
determinant of the amount of material removed from the less resistant element is the 
aggregate hardness of one of the components, usually the particle, e.g., the sand, relative 
to that of the bedrock. There is an inherent bias in geological systems, of the sand 
component being harder and more weathering-resistant than the bedrock. This is because 
the smaller fractions tend to be dominated by the most weathering-resistant minerals. Most 
sand grains are therefore of quartz, hardness 7 on Mohs scale, whereas most common rock 
types are of lower aggregate hardness. Typical examples are quartz sand impacting on 
schist with water acting as fluid, or the erosion of sandstone by quartz sand propelled by 
air. As each grain impacts on the softer material, it leaves a scar by removing material, 
usually of minute quantity, from the bedrock or other particle. 
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Figure 12. Effect of angularity of grain in motion. 


In considering the abrasive action of a single saltating quartz grain, the precise kinetic 
conditions of the process are relevant. The contact area of an angular grain with the surface 
that it impacts is smaller than the contact area of a similar rounded grain with a similar 
surface, causing greater damage. Each quartz grain, of hardness 7, scores the softer rock 
surface (e.g., of schist, hardness 3, which may even be undergoing rapid weathering by 
hydration), and this may occur under considerable hydraulic pressure (depending on the 
river’s depth) and velocity (Graf 1977; Anderson et al. 1994). Angular particles impacting 
softer ductile material can potentially scratch it, with a maximum material removal for 
impact angles of 30 degrees (Finnie 1980). The abrasive effectiveness of coarse angular, 
perhaps quartz sand in a dynamic environment, can therefore be very high (Figure 12): the 
soft rock is correspondingly sculptured (Maxson and Campbell 1935; Tinkler 1993) and 
cumulative wear traces caused by single grains become readily visible macroscopically. 

The type or extent of the mechanical damage can differ greatly, depending on several 
factors, such as: 


Aggregate hardnesses of the interacting surfaces. 
Angularity of the grain or its contact asperity. 
Velocity of the interacting element(s). 

Mass of the propelled grain(s). 

Angle of the impact direction. 


ONY Pe Ot 


Brittleness or cleavability of one of the interacting elements. 


To consider just the last point, in reptation the accelerated element might hit a chert 
cobble on a river floor, i.e., a rock of high cleavability, and if its mass and kinetic energy 
is enough it can detach a spall or flake. Such action is clearly tribological (i.e., deriving 
from ‘interacting surfaces in relative motion’) and it is just as unambiguously not friction 
or abrasion. An extreme form of this interaction is when the velocity of moving particles 
is determined by gravity, e.g., when a stone is washed over a cliff or waterfall. In such 
cases fracturing and spalling are to be expected, and these are still tribological effects. 

Particle transport involving tribology generated by fluid movement is effective in 
geology in three ways, through fluvial, marine, and aeolian action. Glacial processes in 
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some respects resemble the mechanics of fluids, but are not usually considered in the same 
context. These aspects of the discipline will be considered next. 


THE TRIBOLOGY OF FLUVIAL PROCESSES 


Fluvial erosion processes are among the most important factors of landform creation, 
especially on our home planet. They lead to the formation of valleys and canyons, alluvial 
plains and deltas; they are the main causes of the relentless wearing down of mountains by 
rivers and streams. Fluvial erosion is generally seen as the transport of sediment, when 
flowing water overcomes the cohesive strength of the substrate, the river floor. Sediment 
travelling by reptation (creep) or saltation can enhance the mobilization of floor deposits 
by a process called abrasion, which itself is not a tribological phenomenon and must not 
be confused with the attrition of particles likely to accompany the process—which is 
tribological. The latter, typically, results in the gradual rounding of the grains affected. 

The sediment of rivers is moved by three types of transport. The coarse component, 
from boulder down to pebble grade, travels by reptation and is called bedload, travelling 
at or close to the river bed. Medium-sized grains are moved by saltation as described above. 
The smallest fractions, particularly fine sand, silt, and clay fractions, are capable of 
traveling as suspended load. In addition, rivers also convey dissolved mineral matter. The 
actual maximum sizes of particles carried by, respectively, saltation and suspension is 
essentially a function of their specific gravity and of the velocity of the fluid flow. The 
lower the specific gravity of a particle is, the easier it can remain in suspension and the 
further it can travel by saltation. Similarly, the greater the speed of the flow, the further 
particles can travel. For each grain size and weight, there is a specific fluid velocity at 
which it commences motion, and this is called the ‘entrainment velocity’. Once moving, 
the grain will continue to travel even if the speed falls below this entrainment velocity. 
Thus the sedimentation regime of any river or stream is determined by the relationship 
between deposition, transport, and erosion. 

This relationship is brilliantly captured by the Hjulström curves (Figure 13). Named 
after Swedish geographer Filip Hjulström (1902—1982), his graph predicts whether a river 
will erode, transport, or deposit its sediment (Hjulström 1935). The graph was improved 
by Ake Sundborg (1921-2007), a student of Hjulström, who produced the Sundborg 
diagram (Figure 14). The diagrams of Hjulström and Sundborg show the critical current 
velocity required to move quartz grains on a plane bed at a depth of one meter. They do 
not, however, take into account the water depth and they fail to show that sedimentation is 
caused by flow velocity deceleration and erosion is caused by flow acceleration. Today the 
Shields diagram is the preferred illustration, lacking quantification of variables and 
expressing principles rather than precise measures (Figure 15). 
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Figure 13. The Hjulström curves of the relationship between erosion, transport, and deposition. 
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Figure 14. The Sundborg diagram, a refined version of the Hjulström curves. 
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Figure 15. The Shields diagram. 
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Essentially, in fluvial transport of sediment, a river is continually propelling and 
depositing solid particles of rock throughout its length, and ultimately into the sea or a lake. 
Fast flow prompts the transport of more and larger grains, whereas slower flow in the 
river’s lower reaches encourages the sedimentation of more material, resulting in the 
formation of flood plains or alluvial fans. Bearing in mind the vast amount of mineral 
matter transported by rivers in this way it is obvious that the process adds significantly to 
the formation of landscape. To place this into context, the Yellow River in China moves 
796 million tons of sediment per year (Dill 1990), the Mississippi River in the U.S.A. some 
406 million tons (Mathur and Da Cunha 2001). Needless to say, in the course of millions 
of years, the amounts of sediment transported by such rivers are massive. 

However, the transport of sediment is not the only form of fluvial erosion. As a 
sediment travels by means of water flow, it may come into contact with the bedrock 
forming the valley being shaped by the river. In some cases, bedrock may even form the 
very thalweg (line of lowest elevation within a valley or watercourse) of the valley, i.e., 
there may be little if any sediment present. Such bedrock being worn by bedload includes 
not only the exposed rock below the river (Foley 1980), but also any normally exposed 
rocks or cliffs on either side that may be subjected to water flow periodically or 
occasionally by the river’s flooding. Although such surfaces will rarely experience 
reptation, they are frequently affected by both saltation and impact from suspended load. 
This applies especially in fast-flowing rivers. There are therefore two types of processes of 
fluvial erosion that are tribological in nature: the physical interaction among particles being 
transported by river flow; and the interaction between such particles and the bedrock. The 
latter are generally much easier to observe or to quantify. These are certainly geologically 
and geographically significant effects in the creation of landforms by rivers. In fact, they 
are almost entirely responsible for the deepening of valleys, the only non-tribological 
process of valley cutting into bedrock being plucking, which is only of minor importance. 
And yet, in comparison to the issue of sediment transport, which does not contribute to the 
deepening of the bedrock incision of valleys, these two processes have been severely 
neglected. In part this may be due to tribology not taking much interest in geological 
phenomena. It is a neglect that is of considerable consequence. 

For instance, the tribological effects of the fluvial bombardment of soft rock surfaces 
by much harder saltating or suspended particles can be used in archaeological research, but 
this potential was only realized recently. At a site in western Spain called Siega Verde, a 
series of petroglyphs had been attributed to the Pleistocene period and estimated to be about 
20,000 to 25,000 years old (Balbin et al. 1991; Balbin and Alcolea 1994; Bahn and Vertut 
1997: 130). Tribological data established that they are in fact only between 60 and 200 
years old (Bednarik 2009a). Siega Verde is located on the left bank of the Rio Agueda 
north-west of Ciudad Rodrigo, extending some 1300 m along the river. The Agueda River 


44 Robert G. Bednarik 


is a southern tributary of the Douro River, commencing in the uplands of granite, gneiss 
and Silurian quartzite facies to the south, but then traversing low-grade metamorphics 
(Cambrian slates, schists and phyllites) before it drains into the Douro. The river’s lower 
course was therefore scoured deeply into the topography, as the quartz cobbles and 
boulders of the uplands were rafted through the soft-rock lower valley. 

The site’s several hundred petroglyphs occur within the 6 to 8 m high flood zone of 
the Agueda River, within which the rock is regularly subjected to impact by saltating or 
suspended particles. Also found within the same elevations are in the order of one thousand 
rock inscriptions, many of them with engraved dates. Their presence, and the fact that they 
are being scoured by precisely the same process as the petroglyphs, made it possible to 
relate the ages of some of the rock inscriptions directly to those of the petroglyphs. For this 
purpose, a measure to estimate the degree of fluvial erosion by bombardment with river 
sand was established: the engraved dates were used to calibrate the degree of erosion of the 
rock art. Plotting of the degree of wear evident in the inscriptions against their age 
demanded the identification and determination of key variables expressing the progressive 
deterioration of the grooves. It begins with weathering (‘fading’, first 10%), followed by 
blunting of edges (next 10%), then the gradual obliteration of impact pits, leading to 
progressive asymmetry in groove section, development of micro-fluting (an advanced form 
of asymmetry), reduction of groove depth (indicative of over 70% wear), and finally the 
obliteration of the groove (100%), at which point any remaining surface depressions would 
no longer be identifiable as anthropogenic. 

If these factors are to be a function of time, it is essential that progressive linear 
equivalence be attempted. Groove asymmetry, determined by direction of water flow, is 
perhaps the most important of them, and it is also the most readily quantified. It was also 
apparent that this Degree of Erasure by tribological action needed to be correlated with 
other variables, particularly the elevation above the thalweg or the river’s low water level; 
the orientation relative to water flow; the depth of grooves; and the elevation above the 
nearest channel bed (there are numerous subsidiary channels, most only active during 
flooding, and these may be up to several metres above the valley’s true thalweg) and its 
geometry. 

Because of the inherent upturned strata of the Siega Verde schist, flat panels suitable 
for engraving are frequently of identical orientation, which effectively controls for one 
variable. Their relative exposure to sand blasting (Figure 16) is then essentially a function 
of the remaining variables. Nearly all inscriptions and most of the petroglyphs were made 
by direct percussion with hammerstones, and as the schist is homogenous, there is little 
variation in groove depths; they fall mostly between 3—6 mm. Since all variables, including 
age of some of the inscriptions, are empirically available, such a framework could predict 
the approximate antiquity of any undated inscription or petroglyph at this site. 
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Figure 16. Tribological effect of fluvial bombardment of schist by angular quartz sand at the rock art 
site Siega Verde, Spain. 


Elevation of datable inscriptions above the nearest riverbed was plotted against Degree 
of Erasure, as determined by field microscopy. The desired calibration curve was then 
established by plotting Degree of Erasure against known ages. The granulometric 
characteristics of the river sand were also determined, as were details of accretionary 
mineral skins and rock weathering characteristics of the schist. The calibration curve so 
obtained showed that after 200 years of tribological wear by fluvial battery, the soft rock 
becomes so worn that anthropogenic markings, be they inscriptions or images, become 
practically unrecognizable. Thus the archaeologically proposed Pleistocene antiquity was 
categorically refuted. This determination was the first age estimation of rock art by 
tribology, and it was verified by several other empirical observations at the site (Bednarik 
2009a). 

Naturally this is only an example of what tribology can do for rock art research, but 
much the same also applies to geology. Here, tribology can explain large-scale processes 
at the smallest level: for instance, how individual quartz grains remove tiny amounts of 
rock as they strike its surface. In the case of schist or another low-metamorphism rock, the 
removed material hydrates and reverts to being mud, which is precisely what it was before 
it became metamorphosed. If this tribological event is repeated many times at a reasonably 
regular rate, say, during annual floods of a river, then the effects become a surprisingly 
consistent function of the age of an intrusive event, such as the creation of an anthropogenic 
rock marking. That means the age of the creation of that marking can be estimated, which 
is of great help to researchers. In the case of Siega Verde in Spain it enabled the finding 
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that the rock art was not tens of thousands of years old, as claimed by archaeologists, but 
was under two centuries old. 

In the wider arena of geological research, numerous applications of these principles 
are possible. These are rendered more complex over geological timespans because of 
changes to the gradients of rivers and valleys as sea levels fluctuated frequently through 
the eons. As the sea level falls, the lower reaches of rivers are cut deeper, which encourages 
deepening and steepening of the gradient also upstream. As the sea level rises again, 
sedimentation downstream increases, deltas form, and valley deepening upstream is 
limited. As the valley gradient falls, so does flow velocity and therefore tribological activity 
at the smallest scale also decreases. Other relevant factors are that the solubility of mineral 
matter increases with both fluid turbulence and ambient temperature, which means that it 
would be assumed to differ in glacials/stadials and interglacials/interstadials. 

A geological process similar to fluvial erosion is marine erosion, especially the effects 
of ocean turbulence along coastlines. Coastlines are essentially formed by wave action, and 
while this seems to involve primarily the relocation of sediment deposits, tribological 
processes are also involved. Coastal erosion occurs by four processes: solution, hydraulic 
action, attrition, and abrasion. Only the last two mentioned are of relevance to tribology. 
High-energy waves crash against the coast, hurling sand, pebbles and larger particles by 
saltation and in suspension. The release of the propelling energy can break up or abrade 
the bedrock and it also causes abrasion among the fragments, by both friction and kinetic 
impact. Both these effects are tribological phenomena but are not generally treated as such 
in geology. 

Other processes at work in marine erosion are better understood. Destructive waves 
tend to be high-energy waves, responsible for eroding the coast. They are relatively steep, 
close together and quick breaking, with a strong backwash or undertow, thereby removing 
material from the beach and creating erosional landforms. Constructive waves are low- 
energy waves, depositing material along a coastline. They are shallow, widely spaced apart, 
and carry material up the beach, creating depositional landforms. The action of a wave can 
be divided into two parts, the swash and backwash. The swash is the top part of the wave 
that breaks and topples over, pushing up the beach. The backwash is the water that falls or 
washes back down the beach. Destructive waves have a stronger backwash and remove 
material. Constructive waves have a stronger swash and deposit and build up material. If 
the direction of the waves occurs at an angle to the coast, the swash follows the direction 
of the waves, but the backwash is at right angle to the beach. This means that material is 
gradually moved along the coast, a process called longshore drift. The process can also 
form spits, bars, and tombolos. Wave action and all of its consequences apply not only to 
sea coasts, but also to the shores of lakes, especially large lakes. 
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Figure 17. Typical section through solution scallop in the direction of water flow, showing the eddy 
current. 


An excellent example linking fluvial erosion to littoral (marine or lake) erosion is the 
phenomenon of potholes, considered above. Although potholes are more common along 
the upper reaches of rivers, they can also occur in littoral contexts and are there produced 
by the same, purely tribological activities. 

Finally, a geological phenomenon formed by flowing water that may not be of 
tribological significance. Campbell et al. (2007) illustrate dense concentrations of possible 
cupules from the ceiling, walls and to some extent even the floor of a limestone cave on 
Mfangano Island in Lake Victoria (Kenya). The cup formations in Mawanga Cave consist 
of densely packed concavities, each several centimetres across. The phenomenon 
illustrated is in fact solution scalloping (Bednarik 2009b), commonly observed in limestone 
caves that have been subjected to vadose water flow. Solution scallops are concavities 
formed through erosion by eddies in flowing water (De Serres 1835: 24; Monroe 1970; 
Lowe and Waltham 1995; Mihevc et al. 2004: 522; Spate and Wray 2008). They are 
separated by sharp ridges, they can range from 1 cm to 1 m in size, and they are 
asymmetrical in horizontal section. The latter characteristic allows flow direction to be 
established, because the upstream end is always steeper (Figure 17). Their size indicates 
flow velocity; smaller scallops being formed by faster flowing water. The French names of 
solution scallops are cannelure and vague d’érosion, while in German the phenomenon is 
known as Flie$facette, and in Spanish as huella de corriente. Campbell et al. mention that 
Mawanga Cave is today some 60 m above the water, yet the profuse occurrence of the 
scallops proves a moderately strong paleo-flow in the cave’s recent geological history. 
They can even show us in which direction the water flowed. However, it remains unknown 
whether the rheological formation process involves any bombardment by fluvially 
accelerated particles. It could well be purely a solution phenomenon in which the increased 
pressure and fluid turbulence provided an elevated solubility of the limestone rock. 


THE TRIBOLOGY OF AEOLIAN EROSION 


In science, wind is a form of fluid, and particles transported by it behave just as they 
do in water. The main difference is that large grain sizes, i.e., above coarse sand grade, are 
usually not propelled by wind-induced saltation, whereas much larger granulometric 


48 Robert G. Bednarik 


grades can be moved by water. Only the smallest particles are capable of remaining in 
suspension by wind action, usually of smaller than 70-micron diameter, although very 
strong winds may hold grains as large as 0.2 mm in suspension. Nevertheless, aeolian 
erosion, governed by the tribology of two solid bodies colliding by either friction or impact, 
is highly effective in creating specific landforms. These are quite different from those 
created by fluvial or littoral action. They do not include features that might be mistaken for 
potholes, although small-scale and distinctive pitting can occur and may be attributable to 
similar causes. 

The perhaps most effective aeolian actions are deflation and sandblasting. In deflation, 
the profile of a sediment comprising both large and small particles is gradually lowered by 
the removal by wind of the small-grain component. As the sand, silt, and clay fractions are 
removed, the sediment’s deflated uppermost part becomes dominated by large particles 
until a state of equilibrium is attained, preventing the removal of further small grains 
(Figure 18). Almost half of the Earth’s desert surfaces are such pavements that have 
become inert to further aeolian erosion, and which in Australia are called ‘gibber plains’. 
The mineral accretions often found on such pavements as well as polish occasioned by 
sandblasting demonstrate that these cobble desert floors can be of considerable age and can 
remain stable for great time spans once they are established. 

A particular phenomenon of aeolian deflation is of great importance to archaeology. 
Where occupation remains, such as those of hunters and gatherers, are distributed in 
deposits of sand, the removal of much of the sand by wind can result in deflation basins or 
blowouts, where the remains of several different occupations become combined into a 
single stratum. Such deposits are particularly common in coastal sands, where massive 
quantities of shells, bones, and stone implements may accumulate through the removal of 
the sand they were embedded in. Inexperienced archaeologists are likely to misinterpret 
such features as the remains of a single continuous occupation phase, when in fact they are 
the result of deflation that has combined materials of different ages. 


Deflation 





Deflation 


Figure 18. The process of deflation forming a desert pavement through gradual removal of sand. 
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Of more direct interest to tribology are the effects of windborne particles through 
friction and impact by sandblasting. Dust storms or aeolian turbidity currents tend to 
develop in arid regions, but their loads may travel great distances. The best-known 
intercontinental transport of fine sediment is the travel of reddish Saharan fine particles in 
suspension that reach and fertilize the Amazon basin by crossing the Atlantic (Koren et al. 
2006), or that are deposited across the Mediterranean in southern Europe (Muhs et al. 
2010). Another very major process of land formation concerns a particular, silt-sized 
mineral dust comprising carbonates, known as loess. Loess is an aeolian Pleistocene 
sediment of periglacial or arid origins, deposited without internal stratification in parcels 
representing geological periods (Zeuner 1955). It is found mostly across the Northern 
Hemisphere, especially in Europe, eastern Asia, and central North America, and in smaller 
measure elsewhere, e.g., in northern Africa, Siberia, Argentina, Australia, and New 
Zealand. In central Europe, especially, loess has long been used to identify sediments of 
specific glacial and stadial periods of the Pleistocene (Brandtner 1950, 1956; Brunnacker 
1953; Fink 1954, 1962; Fink and Majdan 1954; Felgenhauer et al. 1959). In China, loess 
deposits reach a thickness of up to 335 m and Chinese loess occurs as far afield as Hawaii 
(Kurtz et al. 2001). 

Incredibly, most loess is the result of glacial action grinding down rocks. Although its 
content of carbonates is only <13%, they determine the relatively high pH of loess, which 
is the reason for the good preservation conditions for osteal materials that has long made it 
a favored excavation medium for Pleistocene archaeologists. The mineral composition is 
dominated by quartz (50-70%), followed by feldspars (15-30%). Granulometrically, 
loesses comprise 50-85% silts and 15—45% clays, and there is a small percentage of fine 
sands. The carbonates are calcite and dolomite, and the contents of total as well as 
individual carbonates are comparatively uniform within a specific stratum or parcel. 
However, the relative carbonate contents differ significantly between the various glacials, 
each represented by a loess parcel. There is a consistent increase in the content of dolomite 
with decreasing age of stratigraphic units, which has traditionally been attributed to post- 
depositional alteration. Once deposited, loesses were assumed to have been subjected to 
progressive weathering, with preferential mobilization of the more soluble calcite fraction. 
In other words, the younger loess is, the lower its residual calcite content. 

After examining this trend in the loesses of the upper Rhine valley, Friedhelm Hädrich 
proposed that the decrease in calcite could not be due to postdepositional alteration 
(Hadrich 1975). He presented the pedogenetic enrichment hypothesis, according to which 
the pronounced stepped profile in the physical as well as chemical characteristics of loess 
sequences is a function of source characteristics rather than weathering. There was either 
a progressively greater exposure of dolomite sources to loess-forming processes, or there 
was a re-cycling of older loesses, to which new material of higher dolomite content was 
being added, resulting in an apparent enrichment of dolomite in younger facies. A selective 
dolomite weathering in older deposits, attributable to the higher solubility in lower CO2 
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pressure relative to calcite, as it has been proposed for Pleistocene gravels, does not seem 
to account for the carbonate ratio as a function of depth. A similar bias in favor of dolomite 
content with increasing age has even been observed in gravels from the Giinz to the Würm 
(Fezer 1969), and is also more likely to be due to enrichment than to differential 
weathering. 

I realized that the issue could not be resolved by comparing other open sites that had 
all been subjected to weathering. Instead, a site with a sequence of loess parcels that had 
never been subjected to weathering was needed. I tested Hadrich’s enrichment hypothesis 
by subjecting the long sediment sequence of Gudenus Cave in Austria to carbonate 
differentiation analysis (Bednarik 2008). The results showed most convincingly that 
pedogenetic enrichment of dolomite outside the cave accounts for the stepped profile of 
the dolomite’s depth functions in the cave sediments (Figure 19). In other words, the 
younger loess is, the lower its residual calcite content. 

This example illustrates the considerable complexities in aeolian transport of sediment, 
but what of the tribological aspects of these processes? As particles travel through the air, 
be it by suspension as in the case of loess, or by saltation as the larger fractions of desert 
sands, any rocks in their paths are impacted on by their kinetic energy. That impact is a 
function of the relative aggregate hardness of the particle compared to that of the stationary 
target. Obviously the effect is greatest when the accelerated grains are of hardness 7 on 
Mohs scale and the rock impacted upon is very soft, such as one of the low-metamorphism 
rocks or a friable sandstone. In such cases the land-forming ability of aeolian erosion can 
be profound. 





Figure 19. Correlation of the dolomite fractions of six sediment samples from the Gudenus Cave in 
Austria, with the predicted trend as a function of relative age, depth, and dolomite enrichment. The 
experiment confirmed Hadrich’s enrichment hypothesis conclusively. 
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Examples are the yardangs, which are streamlined ridges formed in rock or other 
consolidated deposits, or other protruding aspects formed by the fluted aeolian removal of 
soft materials (Blackwelder 1930). Ridge yardangs can be tens of meters high and some 
kilometers long, and those found on the surface of Mars are tens of kilometers long with 
intervening valleys nearly 1 km wide. They have been observed in the Martian equatorial 
and Amazonis regions, demonstrating the power of that planet’s winds. In fact, when the 
Mariner 9 spacecraft reached Mars in 1971 its task of photomapping the planet’s surface 
was delayed for one month by massive sandstorms. In terms of fluid mechanics, ridge 
yardangs are closely related to sastrugas (or zastrugas), the ridges seen on snow-covered 
plains formed by wind laden with ice particles. Yardangs, too, can be of much smaller 
scale, the smallest specimens being only a few centimeters high. Their shapes can also vary 
greatly; they can be columnar, rounded, boat shaped, or mushroom shaped. Undercutting 
is a frequent feature where most of the aeolian transport occurs as saltation, i.e., close to 
the ground, and the process can be assisted by granular exfoliation caused by wetting and 
drying cycles of capillary moisture at the base of rocky rises. 

The wearing down of arid and semi-arid rock surfaces by the abrading action and 
sandblasting by windborne particles follows the same principles as bombardment by fluvial 
load. It is also a combination of abrasive and kinetic impact damage, once again 
contradicting the strong emphasis of traditional tribology on abrasion. Angular particles 
are more effective than rounded, they can incise softer ductile material. An impact angle 
of about 30 degrees is the most efficient in this in removing small quantities of material. 
However, the percussive effect of impact can also contribute significantly to erosion, 
especially when it can knock individual grains loose, particularly on sandstone surfaces. 
Incredibly, even rocks of hardness 7 can be worn quite extensively by sandblasting. Since 
it is not likely that this is effected by grains harder than 7 on Mohs scale we can assume 
that most of such damage is by impact rather than by mere abrasion. On occasion Neolithic 
stone implements are subjected to such treatment, which implies that it takes the process 
only a few millennia to be effective. 

Such stone objects showing the distinctive, glazing-like wear of aeolian sand 
bombardment are called ventifacts (Figure 20). Also called windkanter, such rocks have 
been abraded, polished, pitted, or grooved by wind-driven sand or ice crystals. The type of 
damage they sustain depends on the rock material and on the angle at which a surface is 
bombarded: abrasion along the sides tends to yield grooves; surfaces struck at an angle 
well below 90 degrees often exhibit fluted or sculpted appearance as the rock surface 
recedes; while pitting is evident where the affected panel faces the incoming wind 
approximately at right angle. Ridges on the affected rock are rounded and on many rock 
types the affected surfaces acquire a distinctive sheen or gloss. When the orientation of a 
ventifact rock changes, for whatever reason, a new wear facet begins to form. By the same 
token if the rock is too large to be moved but the wind direction changes, the same effect 
occurs. When a single rock fragment has three such wind facets it is called a dreikanter, a 
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pyramidal-shaped stone with its unmodified fourth surface buried. It follows that ventifacts 
that have never been moved preserve evidence of changed wind directions together with a 
rough indication of the durations of the different phases. Similarly, the grooves cut into 
some ventifacts are approximately parallel to the prevailing wind direction. 

The precise tribological reactions at the interface between the rock and the particles 
remain, however, largely unknown and have not been investigated from the perspectives 
of tribology. This is therefore a promising area of investigation, offering insights into 
ancient climatic conditions that require detailed understanding of the variables accountable 
for the present empirical state. What is needed is an understanding of the factors governing 
rates of wear: velocities of wind and kinetic regime, composition of wind-load in terms of 
its hardness and asperities, and quantification of the effects on the ventifact in the light of 
its properties. Although this differs from the scope of the Degree of Erosion established for 
fluvial wear as explained above, the underlying principles would be similar and their 
application is certainly feasible. Preliminary work of this nature has been conducted in the 
deserts of Saudi Arabia but remains embryonic (Bednarik and Khan 2005, 2017). 





Figure 20. Three ventifacts, the results of tribology by aeolian erosion. 


Occasionally it is suggested that other weathering phenomena are also of aeolian 
nature, but without good reason. For instance, tafoni and similar alveolar surface features 
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found on a variety of rock types fall into this category. A tafone (singular) is defined as a 
‘roughly hemispherical hollow weathered in rock at the surface’ (Jennings 1985). It has 
been documented in sandstone, dolerite, limestone, rhyolite tuff, metamorphosed 
conglomerate, and particularly in granitic rocks (Dragovich 1969; Martini 1978; Smith 
1978). Tafoni can occur in many climates, from the Antarctic to hot arid regions, and are 
also found on Mars (Cooke et al. 1993). Their development tends to commence from zones 
of differential weathering on a rock surface, attributable to variations in lithology, structure, 
composition, texture, or biota (Dragovich 1969). Once a tafone has begun to form, the 
interior of its concavity tends to erode faster than the visor (the protruding aspect). There 
are two schools of thought on the formation process: one holds that there are inherent 
differences in the rock hardness and moisture content between the interior and exterior 
parts (the ‘core softening’ theory, e.g., Conca and Rossman 1985; cf. Matsukura and 
Tanaka 2000); while the other attributes the process to microclimatic differences between 
the interior and the exterior, specifically of humidity and salinity (e.g., Dragovich 1969). 

Both models are perhaps partially right: the core softening (particularly pronounced on 
some sandstones) is probably the result of how rock surface geometry affects moisture 
retention, especially in arid regions (Bednarik 2007: 22). More prominent rock aspects dry 
faster than those sheltered from wind and insolation, and they weather slower (through case 
hardening). The process leads logically to cavernous, deeply alveolar features that could 
not be mistaken for anthropic phenomena. However, in the early stages, small tafoni may 
well resemble eroded cupules or similar anthropic features. Although large specimens 
measure several metres, the smallest tafoni do fall within the size range of cupules. Impact 
or abrasion occasioned by aeolian sand grains may well contribute to the process of tafone 
formation but is considered incidental (it may be of greater importance on Mars), and tafoni 
are perhaps of limited tribological relevance. 


THE TRIBOLOGY OF GLACIERS 


In terms of effectiveness, glacial erosion tends to be just as efficient as fluvial, aeolian, 
or marine erosion. It can produce landforms such as horns (steep peaks that have been 
glacially eroded on three or more sides; the Matterhorn in the Alps being the best-known 
example), mountain arétes, broad U-shaped valleys, glacial lakes, and hanging valleys in 
geologically short periods. It is largely glacial erosion that counteracts the tectonic uplift 
of major mountain chains caused by the tribological interaction of continental plates. 
Glacial erosion does not operate through abrasive action of the ice, which at Mohs hardness 
1.5 (at 0°C) is relatively ineffective. Apart from the effects of freeze and thaw cycles it is 
almost entirely the action of moving fragments of rock against the bedrock covered by the 
glacier that created the landforms of glacial erosion. Therefore, the process of wearing 
down mountains is very much one of tribology. 
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However, it can only be effective where the ice is not frozen to the rock, as it usually 
is during winter seasons. Glaciers with frozen bases do not generally slide along the ice- 
bed interface, and therefore do not erode their bases. It is the glacial meltwater under the 
ice mantle that renders the movement of glaciers possible, acting as a lubricant (Weertman 
1969). Lubricants, of course, are a central theme of mainstream tribology also. In the case 
of glaciers, the greatest erosive power occurs where basal melting is most effective, and 
fast-flowing glaciers are likely to erode more mass than slow-flowing (Hallet 1979). The 
glacial ice behaves very much like a Newtonian viscous fluid subjected to gravity flow 
(Figure 21), seeking out declines (Nye 1969; Morris 1979). As it flows it carries a load of 
rock fragments, some of it on the surface, some distributed throughout the ice mass, and 
some along the base and sides of the ice flow. Only the latter component is active in 
creating glacial landforms and is of interest to tribology. 

The rocks transported in glaciers derive from two sources: from freeze-thaw 
weathering (freezing-regelation cycles), or from plucking. Water enters networks of cracks 
in exposed rocks during warm diurnal cycles and then freezes at night from the surface in, 
thus exerting pressure on the rock from the sealed-in liquid. With the next temperature rise 
the ice melts and pressure is released. Water attains its maximum volume at +4°C, thus 
contributing to shattering the rock. Regelation is the property of ice to melt under local 
pressure. The process is due to the special nature of hydrogen bonding. When ice is 
compressed, the O:H (non-bond) distance shortens while the H-O covalent bond elongates 
and weakens towards O:H. Melting point depression occurs as the H-O bond loses energy. 
The melting point is proportional to the covalent bond cohesive energy. Essentially, the 
phase boundary between the liquid and solid phase of water is changed. When the pressure 
is released, the O:H-O bond returns to its original state, refreezing the water into ice. The 
process is an example of hydrogen bond memory. Eventually, the rock fragment becomes 
dislodged, be it by gravity or by plucking. 
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Figure 21. The principles of glacial rheology. 
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Figure 22. The movement of glacial ice over a rise in the bedrock, promoting plucking of clasts. 


Most plucking occurs at the base of the ice flow, where it travels over rises in the 
bedrock (Figure 22). However, plucking can also be found on more or less horizontal rock 
pavements, where large blocks can be virtually lifted from their sockets once they have 
been sufficiently loosened. The initially very angular rock fragments travelling at the ice- 
bed interface are the principal tools of glacial erosion and in the process become shattered 
and eventually pulverized by the great weight of the glacier. Both abrasion and impact 
contribute to the tribological action as the rock load is dragged over the bedrock below and 
shaping it, and at the same time gradually becoming reduced to silt size. The rock debris 
resulting from glacial erosion are grouped into the following classes: 


Glacial till: consists of unsorted rock material glacially deposited in piles of various 
grain sizes. 

Moraines: deposits of till arranged in linear formations. Lateral moraines form at the 
side edges of the glacier as material drops onto the glacier from erosion of the 
valley walls. Medial moraines can occur where the lateral moraines of two 
tributary glaciers join together in the middle of a larger glacier (Figure 23). Ground 
moraines form from sediments that were beneath the former glacier and were left 
behind after the glacier melted. Terminal moraines are long ridges of till left at the 
furthest point the glacier reached. End moraines were deposited where the glacier 
stopped for a long enough period to create a rocky ridge before it retreated. 

Glacial erratics: very large blocks transported by a glacier, now stranded in a landform 
that offers little other evidence of having been affected by glacial forces. They are 
often recognizable by being of a mineralogy different from their environment. 
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Figure 23. Medial and lateral moraines, Ahmad Glacier, Kashmir, India. 


Eskers: winding ridges of sand and gravel deposited under a glacier by a stream of 
meltwater. 

Drumlins: asymmetrical hills that may be partly of rock, partly of sediment; others are 
entirely of sediment, especially those formed by continental ice sheets. These hills 
were shaped by the moving ice and often occur in groups called drumlin fields. 

Loess deposits: these are substantial strata of wind-laid silts of glacially ground rocks 
that may be up to hundreds of meters thick and have been considered above, under 
aeolian erosion phenomena. 

Varves: consisting of dark, fine-grained, well-stratified clay layers that form in lakes 
covered by ice in winter. Meltwater supplies lighter colored sands occurring in 
annual layers, rendering such deposits precisely datable and susceptible to 
climatological analysis, as each set of dark and light color represents the deposit 
of one year. 


Essentially, two basic types of glaciers can be distinguished by different results of 


glacial erosion, continental versus alpine glaciation. Continental glaciation extends over 


vast areas and can be as much as 4000 meters thick. It tends to produce relatively flat 


bedrock pavements, except where it affects rocks of different resistance to wear. Alpine 


glaciers tend to leave behind different landforms, such as U-shaped valleys, hanging 


valleys and the usually associated hanging waterfalls, horns and arétes with their cols and 


truncated spurs, cirques, roche moutonées, and nunatuks. Then there are various types of 


glacials lakes: tarns, paternoster lakes, finger lakes, and moraine lakes. 


U-shaped valley: with a flattish to rounded floor and steep sides, distinctly different 
from V-shaped, fluvially formed valleys. 

Hanging valley: these are U-shaped tributary valleys that ‘hang’ above the main valley 
because the larger main-valley has been eroded more deeply into the terrain. 

Hanging waterfall: streams of hanging valleys form waterfalls where these meet the 
much lower main valley. 
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Horn: a steep peak eroded on at least three sides by glacial or freeze-thaw erosion. 

Arête: sharp ridge separating two U-shaped valleys created by glaciers. 

Col: the low passes along an arête. 

Truncated spur: the end of an arête that has been eroded into steep triangle-shaped 
cliffs by the glacier in the corresponding main valley. 

Cirque: bowl-shaped basin that has been scooped out at the head of a glacial valley. 

Roche moutonées: an elongated eroded rock that has a steep and sometimes jagged 
down-ice end. 

Nunatuk: a peak extending above a surrounding glacier. 

Tarn: a lake that is confined to a cirque. 

Paternoster lakes: a series of tarns. 

Finger lake: a lake occupying a glacial valley but not confined to a cirque. 

Moraine lake: a finger lake confined by a dam formed by an end moraine. 


The two models attempting to explain the dynamics of glaciers are the Boulton model 
(Boulton 1974, 1979) and the Hallet model (Hallet 1976, 1979, 1981). According to 
Boulton’s model, the ‘effective normal pressure’ (the weight of the overlying ice minus 
basal water pressure) affects the rate of glacial abrasion; higher basal water pressure 
increases the rate of basal sliding while decreasing the ‘effective normal pressure’. An ice 
mass with higher content of rock particles is more effective in abrading the bed, but it tends 
to move slower than ice with a low load of rock. In Hallet’s model, the contact force is a 
function of buoyant weight of the particles and the rate of ice flow toward the bed. The 
flow rate is determined by the rate of melting at the ice-bed interface, and basal melting is 
favored by rapid flow and thicker ice sheet. In both rheological models, the contact force 
is highest when basal melting drives rocks toward the bed at low water pressures. 

One of the features both types of glaciers share, and probably the most numerous of all 
glacial features, are glacial striae. These grooves occur in their billions in the regions 
presently or formerly occupied by glaciers and have in some cases survived for hundreds 
of millions of years (Beaumont and Bednarik 2015). They have long attracted the attention 
of researchers and have been studied since the 19th century (e.g., Chamberlin 1888). In the 
present context they are of greater interest than any other glacial phenomenon, because 
they are purely tribological features. Glacial striations occur as a result of abrasive 
processes whereby asperities within basal particles move across erodible surfaces and scour 
elongate grooves (Iverson 1990, 1991; Benn and Evans 2010), i.e., they document the 
effects of interacting surfaces in relative motion. Both Chamberlin and Iverson 
demonstrated a variety of morphologies of such scour lineations (Figure 24), explained as 
records of the effects of striator tools upon the basal rock: 
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Figure 24. The morphologies of glacial striae according to Iverson, each shown in plan and section. 


e those which begin shallow and narrow and steadily increase in width and depth 
until a maximum is reached and then suddenly terminate; 

e secondly, those which, beginning and increasing as in the previous case, reach a 
maximum size and then steadily decline and terminate as they began; 


e thirdly, those which start abruptly and gradually taper out (Chamberlin 1888: 223). 


I described Chamberlin’s third version as ‘comet-like marks ... sometimes seen at the 
point of commencement [that] may indicate where the boulder first struck, and then either 
bounced or turned slightly’ (Bednarik 2007: 25). Elastic strain within the tip of the abrading 
material results in repeated failure along a single plane as observed by Drewry (1986). The 
creation of striae occurs through rotational movement of the abrading clast, whereby the 
asperity of the abrading particle is continuously renewed, ensuring consistent abrasion (op. 
cit.). Altered particle orientation results in differentiated striae morphology (Chamberlin 
1888; Iverson 1991; Bennett and Glasser 2009) and can be used to infer preceding ice 
extent and basal thermal conditions (Sharp et al. 1989). 

The creation of glacial striae is greatly influenced by bedrock lithology and 
topography, with igneous and metamorphic lithologies being less susceptible to abrasion. 
In size they differ widely, beginning at microscopic scale while the largest I have seen (on 
granite pavements in Karelia) are about one meter wide and can extend over lengths of 
hundreds of meters (Bednarik 2007; see also Rastas and Seppala 1981). The creation of 
striae through alteration in abrasion rates is seen to be dependent upon the rate of basal 
sliding (Budd et al. 1979) and concentration of basal debris (Hallet 1979); bed material- 
induced frictional drag can be seen to retard abrasion efficiency and in turn influence striae 
creation (Hallet 1981). 
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In considering the creation of glacial striae I particularly follow the seminal work of 
glaciologist Neal R. Iverson from Iowa State University, having myself studied these 
phenomena in many parts of the world, especially in the European Alps, Russia, Siberia, 
Mongolia, China, South Africa and Canada. Iverson (1990, 1991, 1993) explains the 
abrasive (tribological) processes whereby asperities projecting from abrading particles (the 
tools or striators) are moved across erodible surfaces, thereby creating areas of 
concentrated scour (Figure 25). Tools with steep leading edges will plow progressively 
deeper into the bed with sliding (Figure 26b, d, whereas those with more gently inclined 
leading edges will progressively climb out of their grooves (Figure 26a, c). This 
dependence of contact geometry, together with rotation of the tools, provides a plausible 
origin for the three characteristic shapes of striae. The shapes of striae indicate that the 
tools commonly rotate, affecting the depths of the plowing and the shear stresses applied 
(Iverson 1991). Some striae become progressively deeper and wider down-ice and then end 
abruptly, resembling some fault striae that have been linked to the well-known stick-slip 
phenomena of tribology. Iverson suggests that they may form at depth in front of plowing 
asperities, not necessarily a function of stick-slip motion. 

Drewry (1986) established that the striating process consists of discontinuous 
movements resulting from a build-up of elastic strain within the asperity’s leading edge, 
resulting in repeated failure events and brittle fractures (Benn and Evans 2010). Many 
striae show crescentic stress fractures, their concave sides facing down-ice (Chamberlin 
1888; Gray 1982; Wingtes 1985), as confirmed experimentally (LaFountain et al. 1975; 
Engelder and Scholz 1976; Iverson 1990). Drewry (1986) also established that the depth 
and width of striae are determined by asperity form and particle loading against the erodible 
surface. The creation of striae as illustrated by Benn and Evans (2010) is also seen to reflect 
the rotational nature of the abrading clast whereby asperities are cleared by rotation and 
replaced by a new asperity on which comminution has not yet occurred. 
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Figure 25. Iverson’s principles of the tribology of glacial striae. 
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Figure 26. Effects of the leading edge angle of the striator’s active asperity. 


Type 1 striae become both deeper and wider with distance down-ice until ending 
immediately, inferring that the tool plowed forward until reaching a threshold where the 
clast no longer had the potential to striate (Bennett and Glasser 2009). Type 2 striae exhibit 
maximum depth and width at their center-most position. This type of striae clast 
decelerated until reaching the maximum depth after which the particle then accelerates. 
Type 3 striae start abruptly at a point of impact, becoming gradually narrower and 
shallower down-ice. 

The two principal theories for the mechanics of basal abrasion, proposed by Boulton 
and Hallet, have predicted the wear law and this has been confirmed (Drewry 1986; 
Shoemaker 1988). By ignoring the rotations of the striator, the volume of rock removed 
per time unit by a single tool, Ay, is 


Ay =k Fy Vp (1), 


where Fy is the effective contact force that the fragment exerts against the bed, normal to 
the bed surface, Vp is the tool’s velocity parallel to the bed, and k is a coefficient that 
depends on the relative hardness of the bed and clast and the geometry of the striator point. 
Due to tool-bed friction, Vp should usually be slightly less than the sliding velocity of the 
ice, resulting in bed-parallel ice flow around the clast by regelation and ice deformation 
(Hallet 1981). 

The predicted abrasion rate A is calculated 
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where a* is an empirical factor relating to rock hardness, Cd the concentration of basal 
particles, vp the velocity at which the particles travel, and N the normal stress pushing the 
particulate material into the erodible bed (Drewry 1986; Shoemaker 1988; Paterson 1999; 
Benn and Evans 2010). 

Boulton’s (1974) proposal (cf. Krabbendam and Glasser 2011) of the pressure of 
overlying ice and basal water pressure affecting the rate of glacial abrasion thus differs 
from Hallet’s (1979). Hallet considered that the contact pressure between the basal 
particulate matter and the bed it overlies is related to the rate at which ice flows towards its 
bed, thereby forcing the particle into contact with the bed (Glasser and Bennett 2004). Both 
models emphasize the role of the basal thermal regime whereby increased basal 
temperatures result in enhanced potential for abrasion (Hall and Glasser 2003; Sugden 
1978: Figure 5). As the basal debris is subjected to gradual comminution until they reach 
silt grade, they lose asperities and renewal is required (Gomez and Small 1985; Iverson 
1993). The creation and location of striae can be thus be used to infer former ice extent and 
basal thermal regimes, as well as direction and details of ice flow, and can be used together 
with other geomorphological evidence (Edwards 1975; Sharp et al. 1989). 

From a tribological perspective, many of the aspects of glacial striae are repeated in a 
variety of other processes involving interacting surfaces in relative motion. It is here that 
the need to consider together all these applications of tribology becomes particularly 
apparent. This is the most promising course of bringing better understanding to all of them. 
There are the various applications of geotribology, particularly the effects of aeolian, 
fluvial, and glacial wear, be it abrasive or percussive. Then there are the products of 
anthropogenic processes, such as engravings made with stone tools on portable materials 
ranging from bone to ivory, from ostrich egg-shell to amber. They adhere to the very same 
underlying laws as the rock markings created by glaciers. Then there is the tribology of 
rock art, especially of both abrasion petroglyphs (engravings) and impact petroglyphs 
(poundings), but also those made with fingers on soft surfaces (finger flutings). The 
extensive world literature on materials of portable paleoart contains not a single 
examination of a tribological nature of the engraved, abraded, polished, or drilled humanly 
made modifications on these objects. The world’s hundreds of millions of petroglyphs have 
never been studied in any consequent manner from a tribological, not to mention 
tribochemical, perspective. This is incriminatory evidence of the biased, unscientific, and 
amateurish ways in which these important witnesses of early human cognitive states have 
been investigated to date. The striae and stress marks they bear are identical to those we 
observe in glacial striae and stress marks, and once we appreciate the relevant universal 
laws of tribology we can do a lot more with this discipline than serve machinery and 
economies. 
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COLLIDING CONTINENTS AND PARADIGMS 


The largest scale of tribological processes on our planet is the tribology of plate 
tectonics. Here, direct observation of evidence is very difficult, which is precisely the 
reason for the great scientific controversy concerning this discipline. Nevertheless, indirect 
evidence of several kinds is amply available, for instance in the form of earthquakes (a 
stick-slip effect well-known in tribology), volcanism, mid-ocean ridges, oceanic trenches, 
the uplift of mountain ridges, the global distribution of plants and animals, and various 
other large and small-scale phenomena. Some of these details, such as the close fit of the 
continental shelves on both sides of the Atlantic, had long been noticed. The first recorded 
comment is by the Dutch cartographer Abraham Ortelius (1527—1598), who produced the 
first atlas and in 1596 stated that the Americas were “torn away from Europe and Africa 
... by earthquakes and floods ... The vestiges of the rupture reveal themselves, if someone 
brings forward a map of the world and considers carefully the coasts of the three 
[continents].” French geographer Antonio Snider-Pellegrini (1802—1885) proposed in 1858 
that all of the continents were once connected together during the Late Carboniferous, 
which he deduced from plant fossils in various continents. Another Frenchman, geographer 
and anarchist Elisée Reclus (1830-1905), attributed continental movement to random 
drifting of the continents in 1872. His proposal gave no explanation for why the continents 
floated around, but stated that their collision resulted in mountain ranges and earthquakes 
and formed voids for oceans. Austrian Eduard Suess (1831—1914) described in 1885 how 
plants in Late Paleozoic coal beds of India, Australia, South Africa, and South America 
were all similar, and differed from plants found in northern continents. He proposed a large 
southern supercontinent called Gondwanaland. American geologist Frank B. Tailor (1860— 
1938) proposed that gravitational or tidal forces caused by the moon moved continents 
around. 





Figure 27. Alfred L. Wegener. 
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But it was a German polymath, Alfred Lothar Wegener (1880—1930), who connected 
all the dots and proposed the coherent theory of continental drift (Wegener 1912a, 1912b, 
1915, 1929, 1966). He was a polar explorer who met his death at 50 on the glaciers of 
Greenland, but began his academic life as a physicist, meteorologist, and astronomer 
(Figure 27). After obtaining a doctorate in astronomy in 1905, he focused increasingly on 
meteorology and climatology, eventually co-writing a book on paleoclimate (Köppen and 
Wegener 1924). Wegener based his continental drift theory on numerous observations, 
including the matching of the rock formations where continents had become separated and 
the distribution of fossil plants (Glossopteris, Gangamopteris) and animals (Lystrosaurus) 
in all parts of the former supercontinent Gondwana. He proposed the former existence of a 
single landmass (now called Pangea), its breaking up and the drift of the fragments of low- 
density granite or felsic rocks on the denser mafic basalt below. He even understood the 
role of the mid-Atlantic ridge where the floor of the Atlantic keeps spreading and magma 
is extruded (Jacobi 1981). The evidence for drift was particularly compelling in the 
Southern Hemisphere, and South African geologist Alexander du Toit assembled a great 
deal of supporting proof in recognizing the extensive similarities between the sections of 
former Gondwana (du Toit 1937). 

Wegener accomplished many things; for instance, with his brother Kurt he pioneered 
the use of weather balloons to track air masses in 1905; and the two set a new record for a 
continuous manned balloon flight in 1906, remaining aloft for 52.5 hours. Wegener 
participated in four expeditions to Greenland where he established the first meteorological 
recording station and undertook the first coring of Greenland ice in 1913. He died under 
heroic circumstances while trying to determine the thickness of the Greenland glacier. Until 
his death and well beyond it, he experienced withering disdain from most geologists and 
geophysicists. For instance, in 1926 he presented this theory of continental drift to the 
American Association of Petroleum Geologists in New York, only to be greeted by 
rejection from the entire audience, except, oddly enough, from the chairman of the 
symposium. What is particularly perturbing is that Wegener’s motivation, irrespective of 
the veracity of his theory, had been—in his brother’s words—to “re-establish the 
connection between geophysics on the one hand and geography and geology on the other, 
which had become completely ruptured because of the specialized development of these 
branches of science”. Yet the burgeoning overspecialization of all disciplines has continued 
and accelerated to the very present, to the great detriment of all the disciplines involved. 

It needs to be appreciated that this pattern of rejection of innovative ideas is more 
widespread in the humanities than in the hard sciences, but this intrusion of humanity 
practice provides a challenge for the status of the earth sciences as real science. A 
comparison with a truly humanistic discipline like archaeology illustrates the point. In that 
field, every single major discovery or improvement has been contributed by a non- 
archaeologist, and in every case it has been rejected by the discipline, usually in its entirety. 
For instance, without tax official Boucher de Perthes (1846) we would not even have a 


64 Robert G. Bednarik 


Pleistocene archaeology, because his proposition that early humans coexisted with Ice Age 
fauna was rejected for decades by the archaeologists of the time. Nor was their blunder 
corrected by archaeologists (Prestwich 1859). The archaeologists and anthropologists also 
rejected with the same fervor the report of the first extinct human from the Kleine Feldhofer 
Cave of Germany’s Neander valley, presented by a local teacher (Fuhlrott 1859). They 
upheld their conviction for fully four decades (Schwalbe 1901). Europe’s archaeologists 
also rejected the discovery of Pleistocene rock art (de Sautuola 1880) universally and most 
indignantly, stating that the producers of lowly stone tools (the very existence of which 
they had themselves categorically rejected only two decades previously) could never have 
been capable of creating such artistic masterworks as those in Altamira. They accused de 
Sautuola of fakery and drove him into a premature death (cf. Cartailhac 1902). When 
physician Eugene Dubois presented the first ‘missing link’ between apes and humans 
(Homo erectus) in the 1890s, he unleashed a storm that remained unresolved for decades. 
The discovery of the even older Australopithecus africanus was not rejected; it was simply 
greeted with disdain and disregarded, because at the time (Dart 1925) every scholar in the 
field was aware that humans first evolved not in the colonies, but in much more deserving 
England, where the Piltdown bones had been found in 1912. It took the incompetent 
discipline four decades to unmask the deliberate Piltdown hoax (again, by an outsider, 
Kenneth Oakley; Weiner et al. 1953). Today, these humanistic disciplines have learnt 
nothing from their abysmal performance: they continue to peddle their fictional origins 
myths, such as the African Eve hoax that originates from the disgraced German 
archaeology professor Reiner Protsch, and they censure dissenting work systematically. 
These and other blunders of archaeology, the most error-prone discipline in the entire 
academic endeavor, are detailed in Bednarik (2013). 

In the case of Wegener’s theory, the rejection from numerous distinguished scholars 
such as Harold Jeffreys and Charles Schuchert continued for some decades, and well 
beyond Wegener’s untimely death in 1930. It was primarily based on the inability to 
explain how the solid crust and mantle of the planet could move on the liquid core. In other 
words, an overwhelming corpus of evidence that such movement must have occurred was 
ignored or reviewed in a biased manner because the mechanism of the movement was not 
understood at the time. After lively debate, various strands of evidence emerged gradually 
that showed that the drift of continents was possible after all. Mantle convection is the slow 
creeping motion of the rocky mantle of Earth, caused by convection currents (heat transfer 
within fluids) carrying heat from the interior of the planet to its surface. Another is the 
ability of paleomagnetism in recording the movements over time of continental plates. It 
had initially been assumed that the location of the poles had shifted, when in fact it was the 
landmasses that did so (Runcorn 1956). Also during the 1950s and early 1960s, it became 
evident from the depth measurements of ocean floors that the mid-oceanic ridges being 
formed by drift could be related to magnetic field reversals. Similarly, seismic imaging 
along the continental trenches suggested that the oceanic crust could be absorbed into the 
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mantle. Thus by the mid-1960s, the mechanics making continental drift possible had 
emerged just as Wegener had predicted, but as if to justify the erroneous verdicts of the 
previous half century, the process was now renamed ‘plate tectonics’. After all, the 
discipline had to justify its opposition to its founder somehow. 

Today, plate tectonics describes the motions of the seven large and many smaller plates 
of the lithosphere (Figure 28), although it needs to be cautioned that the precise mechanics 
of these processes still remains controversial. However, it is generally accepted that the 
lithospheric plates ride on the asthenosphere, a fluid-like solid mass. Seismic and volcanic 
activities, the raising of mountain ranges, and the formation of ocean trenches and ridges 
all derive from the movement of these plates. The oceanic lithosphere is typically in the 
order of 100 km thick and moves at a velocity ranging up to 16 cm per year. As the plates 
move, ever so slowly, they behave in much the same way as other interacting surfaces in 
relative motion; their interaction with other plates at subduction zones, or with the 
asthenosphere as they move across it, is always tribological, albeit on a massive scale. 


Filipino 
plate 





Figure 28. The continental and smaller plates as perceived today. 


For instance, earthquakes are simply stick-slip effects that release such enormous 
energies that they can be incredibly destructive. These energies are likely to be released in 
devastating phenomena such as tsunamis or the failure of geological features and 
anthropogenic structures. Examples of geological effects are surface faulting, tectonic 
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tsunamis, soil liquefactions, ground resonance, landslides, and ground failure. Earthquakes 
are caused by the propagation of elastic waves through the Earth (or another planet or 
planet-like body) which can be divided into two types: body waves and surface waves. 
Body waves occur as P-waves (pressure or primary) or S-waves (shear or secondary). The 
longitudinal P-waves can be compressed or can expand in the direction they are moving; 
the transverse S-waves move perpendicular to the direction of, and are slower than, the P- 
waves. They appear therefore later on a seismogram and in contrast to P-waves, they can 
only travel in solids. Finally, the surface waves are divided into Rayleigh waves, which 
have some compressional motion, and Love waves, which do not. Surface waves travel 
more slowly than P-waves and S-waves. 

Although much is understood about the nature of earthquakes, their occurrence remains 
unpredictable. In contrast to small-scale tribological processes or phenomena, which can 
be studied and at least to some degree replicated, their large-scale versions deriving from 
interacting tectonic plates are not readily accessible in this way. It is therefore doubtful that 
tribology can be usefully employed here, at least in the short term. Rather, its usefulness to 
tectonics is in exploring the theoretical principles of that discipline using the knowledge 
gained from more “manageable” applications of tribology. 


OTHER GEOLOGICAL ASPECTS OF TRIBOLOGY 


Glacial striae are among the most common rock markings in the world and would 
probably account for millions of times as many marks as rock art motifs do. In general, 
glacial abrasion marks can be readily identified, if only because of their enormous numbers, 
but there are still other geological markings that have on occasion been misidentified. 
Archaeologists have countless times mistaken natural rock markings for artificial marks 
deliberately made by humans. There are in fact three main types of rock surface markings, 
seen from an archaeological perspective (Bednarik 1994): 


1. Markings deliberately made by humans (non-utilitarian anthropogenic rock marks, 
also called rock art). 

2. Unintentional and utilitarian anthropogenic rock markings. 

3. Natural rock markings of five main types: 
3.1. Inherent petrographic markings: not of relevance to tribology. 
3.2. Weathering markings: also not relevant here. 
3.3. Kinetic geological rock markings: we have already reviewed the most 

important types; others are mentioned below. 

3.4. Plant markings on rock surfaces: some are of relevance here, others are not. 
3.5. Animal markings on rock surfaces: all of them are of relevance to tribology. 
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The first main type of surface markings on rock (and other materials) is considered in 
detail in Chapter 4. The second, non-rock art anthropogenic rock markings, includes a good 
number which archaeologists have misidentified as rock art. Possessing a degree in 
archaeology is apparently no qualification to master the discrimination between humanly 
made and other rock markings, or markings on any surfaces for that matter. Practically all 
forms of natural rock markings, of which there are many kinds, have been misidentified by 
professional archaeologists, and some of these instances have been reviewed (Bednarik 
1994, 2016a). Most of these mis-pronouncements concern engravings and other 
petroglyphs, but there are also a few cases of pictograms (rock paintings) on record. 

In the present chapter we are only concerned with the above main types 2 and 3. 
Unintentional and utilitarian anthropogenic rock markings are those caused by human 
agency, but without the intention of attributing meaning to them. Typical examples are the 
drag-marks of steel cables, the tracks of moving steel-track-mounted vehicles, or the 
markings left behind by rock drills or core drills. Machinery used in mining and in 
construction is quite likely to yield a variety of marks on rock surfaces, and when they 
become weathered or when the applied tool slipped it is quite possible to misidentify them 
as petroglyphs. The same can apply to drag-marks of various types, including those 
occasioned by the sides of vehicles brushing past rock embankments. Surprisingly, all of 
these have been misidentified by archaeologists. Some examples are cited. 

In 1990 a petroglyph site in Karelia, Russia, was examined by a group of over twenty 
archaeologists. A one-meter-long groove was discovered on the slope of a granite hill 
overlooking the rock art site on the lake shore, on the top of which was a lighthouse. While 
the petroglyphs were all on the shore of Lake Onega below, this solitary mark was half 
way up the hill. Its authenticity as a petroglyph was accepted by the entire group, perhaps 
on the strength that it was weathered and occurred close to other petroglyphs. I examined 
the groove from a tribological perspective and detected microscopic evidence that it had 
been made by a single abrasive uphill motion, presumably as some heavy piece of 
equipment had been dragged up the hill towards the lighthouse. I noted that the groove was 
quite straight and was aligned with the lighthouse, so I reasoned that the building had been 
used as an anchor in the operation. At the time the archaeologists were quite skeptical, but 
one of them, Juri Savvateyev, consulted historical sources. He found that artillery pieces 
were positioned on the hill during the Second World War, and that there had never been an 
access road to the hill. Therefore, the only way to bring the heavy cannons to its top was 
by transporting them by ship and then hauling them up the slope of the hill. 

During a post-congress field trip after the Second AURA Congress in Cairns, Australia, 
in 1992, participants were shown a similar linear groove of the rock cliff next to a vehicular 
mountain track, suggested to be a petroglyph. My microscopic examination showed that it 
was also produced by a powerful single abrasive action and since it was perfectly parallel 
to the surface of the road I proposed that it had been occasioned by a vehicle brushing 
against the rock. 
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Circular rock marks also may resemble petroglyphs, and again several examples of 
misidentifications come to mind. Such marks have been found on both horizontal and verti- 
cal rock surfaces, and in one case, from Germany, were of about one meter diameter. The 
Sutherland Creek ‘petroglyph site’ near Geelong in Victoria, Australia, consists of a few 
semi-circular marks on a sandstone slab (Bolger 1979). After it was declared a protected 
archaeological site I examined it and found that the markings were certainly not made with 
stone tools. The vertical walls of all grooves and their narrow widths would be impossible 
to reproduce with such implements (Bednarik 1994). They had been made with core drills 
of two imperial sizes (1.5 and 4 in) that had in some cases slipped during application 
because of the lack of a central drill (Figure 29). In regions where plowing with steel blades 
has been practiced for some centuries, clasts can bear an assortment of abrasion grooves. 
Especially in North America, archaeologists and others have had difficulties refraining 
from seeing them as deliberate markings with meanings. 





Figure 29. Semi-circular marks on sandstone, made with steel machine tools. Sutherland Creek site, 
Victoria, Australia. 


Incredibly, there are even rock markings that are of authentic archaeological 
significance—in the sense that they were indeed made by pre-Historic people—but have 


Tribology in Geology 69 


been incorrectly interpreted as petroglyphs. At more than twenty sites in Australian 
sandstone region near Sydney occur hammered grooves identical to those forming 
petroglyphs in the same region. Their arrangements, which sometimes extend over a few 
meters, are apparently random, so they were described as ‘non-figurative’ motifs. 
However, closer examination showed that they related to the local micro-topography. Their 
role was to drain rainwater away from specific surfaces used for the reduction and 
sharpening of stone axe heads, keeping them dry, crystalline and hard (Bednarik 1990). 
What had been interpreted as extensive ‘geometric’ petroglyphs were in fact ‘self- 
maintaining’ axe-grinding workshops. 

Other utilitarian rock grooves have not been misinterpreted in this way. They include 
the quite rare mining marks of pre-Historic chert or ochre mining activities (Bednarik 
1992). Among them are the long grooves reported from Gran Gran Cave, South Australia. 
Their shape, arrangement, and the impressions of the tools used in making them leaves no 
doubt that these marks were occasioned when long wooden stakes were driven into the 
solid limestone of the cave walls to expose a valuable seam of chert. Such markings are 
only known from very few sites, whereas axe grinding grooves, resulting from the 
reduction of ground stone axes or hatchets, are quite common and have been reported from 
thousands of places in various parts of the world. In the three eastern Australian states 
(Queensland, New South Wales, Victoria) alone, almost 2000 such sites have been 
registered. 

Next we consider a significantly larger class of tribological rock markings, those 
caused by natural agencies. As noted above, they include five main types. The first of these, 
inherent petrographic markings, refer to a family of rock surface markings that are inherent 
in the rock (part of its fabric), and may have been enhanced by weathering processes. The 
quintessential representative are the xenoliths, although a variety of other forms have been 
described. While these have been misidentified as rock art by archaeologists on many 
occasions (Bednarik 1994, 2007, 2016a), their development does not involve tribological 
processes. They are not considered here. Similarly, the second main type, weathering 
marks, involves no tribological agent, or does so only as a minor factor. It deals essentially 
with solution and exfoliation phenomena of various types. The third type, by contrast, is 
entirely the domain of tribology. The major forms of kinetic geological rock markings are 
fluvial, aeolian, marine, and glacial rock markings and reduction processes, and they have 
been considered earlier in this chapter. They are of massive importance to tribology, but 
they are not the only geo-tribological factors. Here we will complete the subject by 
considering a few others. 

Clastic movement is a common phenomenon at many types of archaeological sites, 
and it can be attributed to a variety of causes. Fluviatile sedimentary movement, animal 
burrowing, and simple gravity are among them, but also tectonic adjustments. This applies 
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especially in limestone caves, where several processes can effect large-scale detrital 
movement. Many cave systems form above a sub-floor phreatic reservoir, and where the 
clastic breakdown from roof falls causes the floor to settle progressively, blocks move not 
only relative to each other, impacting on each other, but also down along the walls of the 
cave. This may result in deeply incised wall markings (for a photograph of a good example, 
see Maynard and Edwards 1971: Pl. 32). Similar movement of talus clasts is caused by 
seismic events, and even by eustatic fluctuations. The aquifer level in coastal karst regions 
falls with the sea level, which means that huge masses of boulders that were submerged in 
water become exposed as the water drains from these systems. The boulder structures may 
have been tectonically stable as long as they remained submerged, but they are not once 
they are above water, during stadials. Finally, tectonic subsidence can be caused by certain 
mining methods and this could conceivably result in similar kinetically caused rock 
markings. 

Another example of kinetic rock markings of geological origins are the tens of 
thousands of linear grooves found on clasts of very fine-grained sandstone excavated in the 
occupation shelter Toca do Sítio do Meio, southern Piauí, in Brazil (Bednarik 1989). They 
had been identified as humanly made engravings by the excavators, but my microscopic 
examination showed that the marks are of greatly varying ages, widths, and depths, ranging 
from barely perceptible examples to 4 mm wide grooves. There are clear sets of two or 
more sub-parallel marks among them. Another hallmark of these typical taphonomic marks 
(i.e., caused by their buried context) is the point of commencement, with a distinct, impact- 
like impression. They could be attributable either to trampling by humans or other animals; 
to movement of the slab relative to a rock surface, with loose quartz grains caught between 
the two surfaces; or to general detrital movement. Quite probably, a combination of these 
factors applies to the densely marked material, lacking any deliberate marking by humans. 

The great variety of forms in which natural kinetic marks occur is illustrated by the 
following example. Cave divers had discovered a panel of incised markings in a limestone 
cave near Mount Gambier, South Australia, under 7 m of water. If they were human 
markings, as the divers thought, they would probably be of Pleistocene age, because the 
passage would have become flooded during the early Holocene. However, my detailed 
examination of them revealed no evidence of human involvement; they seemed to be 
taphonomic marks. Their occurrence in a ceiling recess seemed puzzling, but the water- 
filled caves in the region frequently contain ancient tree trunks with their roots and 
branches that had fallen into sinkhole entrances. Perhaps such an ancient log had become 
lodged in this position and, buffeted by water flow, produced the incisions with its limbs. 
It is not a proven explanation by any means, but perhaps the most realistic one under the 
circumstances. 
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Figure 30. Highly unusual rock markings, pressed into the rock, Tal’ma 2 rock art site, near Lena river, 
Siberia. 


Usually it is not just the distinctiveness of striae that enable secure identification of 
rock markings, but also their abundance, typical location, and direction. Other kinetic 
movement marks may be extremely rare and thus much harder to identify. While 
examining the Siberian rock art site Tal’ma 2 (near the upper Lena river), I noted sets of 
parallel grooves high up on the vertical cliff face, about 6 m from the ground, on very 
smooth rock. Unable to reach them, I inspected them through binoculars to determine what 
might have caused them (Figure 30). However, I remained unable to form an opinion: intu- 
ition told me the marks were natural, but they were clearly attributable to mechanical force, 
and there seemed no natural agency that could have caused such repetitive marks. Subse- 
quently I located similar marks at two more Siberian sites, again high on vertical cliffs 
overlooking a river, managing in one case to reach the markings by climbing the rock. They 
certainly looked like man-made impact grooves, but microscopic inspection revealed no 
evidence of actual impact. Rather, there was dense crushing of grains evident, as if the 
marks had been pressed into the rock with considerable force. I then hypothesized that 
perhaps there had been a rock tower leaning loosely against the cliff, and if a hard clast had 
become lodged between it and the cliff, it might have slowly wandered downwards with 
each minute movement, only to be pressed against the cliff by the weight of the tower in 
each successive position. 

It seemed a desperate explanation at the time but it turned out to be valid. Soon 
afterwards I found a clast that had become stuck in precisely such a position, between a 
sheer cliff and a detached rampart leaning against it, and had already produced several 
similar pressure marks. Each time there was an adequate movement in the tower, be it 
seismic, tectonic, or caused by temperature change, moisture, freezing or thawing, the clast 
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dropped a few centimeters. This observation shows poignantly how even the most unlikely 
explanation may turn out to be correct, and how judicious and wary the researcher needs 
to be in pursuing natural explanations for unusual phenomena. It does, however, also create 
a problem for tribology. There can be no doubt that this unusual natural process, so far 
reported from just four locations, is the result of compression, and not of abrasion or 
percussive impact. Equally, there can be no doubt that this phenomenon derives from the 
effect of ‘interacting surfaces in relative motion’—although that motion amounts to no 
more than a few millimeters in this instance. This leaves tribology with a quandary: already 
in this book I have consistently argued that the emphasis of traditional tribology on 
abrasion is wrong. Either the discipline’s definition needs to be changed, or it needs to 
formulate reasons for the exclusion of impact. Percussion impact is just as much about 
interacting surfaces that are in relative motion as abrasion is, and my examination of 
geotribology has shown that in many cases, the effects of the two processes, abrasion vs 
impact, are almost impossible to separate. They operate together in the tribological effects 
known in geosciences. If tribologists wish to preserve the scientific integrity of their 
discipline, they need to concede that the emphasis of ‘applied tribology’ as developed by 
economic motives (since the time of Jost’s emphasis on them) is disadvantageous. Now we 
find that there is a third process that may also need to be accommodated in tribology: a 
compressive process. 

Plants can also produce rock markings, by a variety of processes, which on some 
occasions haven been mistaken for petroglyphs. Such natural marks can be of a chemical 
or kinetic origin. Obviously those attributable to mycorrhiza are not of relevance to 
tribology. The energy for kinetic marks is typically provided by the wind: a pliable limb of 
a tree, or a stalk or tuft of some plant may perform a semi-circular movement for months 
and years, and this can result in distinctive arcuate marks even on hard rock, such as granite 
(Twidale et al. 1983: Figure 8). A more interesting phenomenon, sometimes considered to 
be of human origin, occurs when a tree growing on the margin of a rock mass hugs the rock 
for support with its roots. Every time it sways in the wind there is a minute movement in 
its main roots just below the ground. Together with silt and sand acting as an abrasive, this 
is sufficient to produce quite deep grooves on the rock, which in turn improve the tree’s 
hold on its support. Over the tree’s lifetime, such grooves can become over 10 cm deep as 
the roots expand in response to the removal of rock mass. After the tree disappears and the 
soil erodes, the grooves remain, consisting of sometimes under-cut but usually quite short, 
straight to meandering and randomly orientated, rounded furrows that tend to fade out 
toward their ends (Figure 31). They can have an artificial appearance (Bednarik et al. 
2010). For instance, two British cultural heritage specialists went to great lengths to 
ascertain the nature of sets of grooves they found at sites in the Pennines of northern 
England. After extensive efforts over five years they published the finds (Shepherd and 
Jolley 2016) and I was able to clarify the etiology of these markings and so solve the 
enigma (Bednarik 2016b). 
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Figure 31. Rock grooves caused by the kinetic effect of roots of trees swaying in the wind, Mt Michael, 
Tasmania. 


This brings us to the last major type of natural markings on rock surfaces, those caused 
by animals other than humans. They are without exception phenomena of tribology, and 
they are just as common as glacial striae, i.e., they occur in their billions (Bednarik 1981, 
1991). Some were made with bodies of animals, some with their horns, antlers, or tusks; 
but the great majority are claw marks. Nearly all surviving animal markings occur 
subterraneously, because the speleo-climate of caves allows their survival over lengthy 
periods, leading to vast cumulative assemblages. Among those I have most intensively 
studied, in about fifty caves, are the claw marks and polished surfaces created by the extinct 
cave bear (Ursus spaeleus). This mostly European herbivore of the Ice Age used to 
hibernate deep in caves, moving distances of up to a couple of kilometers in their complete 
darkness. To accomplish this, the animals followed established paths, and where their 
bodies rubbed against rocks they produced in the course of hundreds of millennia polished 
surfaces called Bdrenschliffe. In this the sand and silt embedded in their long and shaggy 
fur acted as an abrasive (Bednarik 1993). Where it contained quartz grains of larger 
fractions, these sometimes created erratic patterns on the smoothened areas. In the Hohler 
Fels cave of Germany such panels later exfoliated and the fragments became stratified in 
the cave sediments. When they were excavated in the stratum that also contained artifacts 
of the Aurignacian tradition they were described as geometric engravings made by the 
people using such stone tools (e.g., Hahn 1991, 1994). Having observed similar fortuitous 
markings in numerous caves I was able to correct the error (Bednarik 2002) (Figure 32). 
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Figure 32. Fragment of the edge of a cave bear polish bearing marks made by sand grains embedded in 
the fur of the bears, Hohler Fels, Germany. 


In some cases, the claw marks of cave bears have been mistaken for human engravings, 
for instance one short set in Bara Bahau, France (Bednarik 1986: Figure 6), has been 
described as the oldest work of art in the world by several writers who mistakenly thought 
it depicts a human hand. However, this is only one of numerous examples in which 
archaeologists have described as rock art other markings on rock that were in fact made by 
animals other than humans. The discrimination of claw markings in caves from humanly 
made engravings is a specialist task, demanding considerable relevant experience and is 
well beyond the abilities of most archaeologists. This is partly attributable to the tendency 
of cave markings to be subjected to very common alteration processes, the products of 
which vary greatly. 

The universal occurrence of animal scratches in limestone caves (having examined 
more than one thousand caves, I have found practically all of them to contain claw marks), 
like the presence of Pleistocene rock art in a few of them, is a taphonomic phenomenon, 
i.e., itis attributable to selective survival. Although rocks are far more often marked out of 
caves, the protected locations and the stable climates of caves can preserve even faint 
scratches for up to tens of millennia. In addition, some caves, depending on their 
morphology, act as natural animal traps, preventing the escape of animals of poor climbing 
abilities that have fallen into them. The most numerous animal markings in caves, however, 
are those of airborne individuals, especially bats. Chiroptera produce rock markings on soft 
surfaces with their wings as well as with their digital claws, while birds mark such surfaces 
with their primaries, claws and possibly their mandibles. Ungulates do so with horns and 
antlers on occasion, and elephants consuming mineral deposits in caves have been observed 
marking the walls with their tusks. Rhinoceroses use boulders or other rock surfaces to 
sharpen their horns, which over long time spans can lead to the formation of sets of deep 
linear grooves that resemble human handiwork. Clawed animals which have marked cave 
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walls include reptiles, but the claw markings of mammalian species are the most common, 


ranging from those of the tiniest rodents or bats to those of extinct megafaunal species 
(Figure 33). 





Figure 34. Ceiling markings of Thylacoleo carnifex (marsupial lion) in Robertson Cave, South 
Australia. 
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Megafaunal cave markings are also common in most continents, for instance in south- 
ern Australia. Some have tentatively been attributed to species on the basis of claw spacing 
and size, inferred mobility of forelegs, body size, apparent climbing ability, and occurrence 
of skeletal remains within the caves in question. Two intersecting sets of Thylacoleo 
scratches on the ceiling of Robertson Cave, South Australia (Figure 34), have been 
interpreted as the letter ‘W’. On the other hand, extensive finger markings in Orchestra 
Shell Cave, Western Australia (Bednarik 1987), were deemed to have been made with 
hand-held animal claws (Hallam 1971). This followed previous controversies concerning 
the status of cave markings in Cutta Cutta and Kintore Caves, Northern Territory (Walsh 
1964), Koonalda and Tantanoola Caves, South Australia (Sharpe and Sharpe 1976), and 
New Guinea 2 Cave, Victoria, which were resolved by extensive studies of both natural 
and human cave markings by the Parietal Markings Project (Bednarik 1986, 1991). 
Nevertheless, some researchers whose ideas were contradicted by that work have remained 
unconvinced by its findings and have sought to preserve their favored alternative 
interpretations (e.g., Sharpe 2004). It is self-evident that effective discrimination of the two 
types of marks—human and nonhuman—is the crucial precondition for any informed 
assessment of the rock art component, and for some researchers this remains an obstacle. 

In Australia, four specific types of mammalian scratch marks are defined: ‘climbing 
marks’ (primarily by opossums), ‘gouged symmetrical marks’ (by certain extant species 
lacking any climbing ability, particularly wombats), ‘megafaunal marks’, and ‘exploratory 
marks’ (Bednarik 1991). These distinctive forms do not comprise the entire spectrum of 
marks present; they are merely frequent, prominent, and typical modes of occurrence in 
one continent. Obviously the types of animal marks differ in various parts of the world, 
according to regional animal species, their respective ethologies, geomorphological 
factors, and local preservation conditions. Our knowledge differs according to the amount 
of credible research conducted locally, which is inadequate in a few regions and practically 
absent in the rest of the world. In the same way that rock art in caves may have suffered 
considerable modification through time, animal scratches may have been greatly modified 
over the millennia, and their visual appearance altered by one or more of several speleo- 
morphological processes. Without understanding the effects of these, archaeological 
pronouncements about cave markings of whatever type are of limited value. 

Rock surfaces polished by animals are not limited to those of cave bears. Others 
involved include the extensive rock polishes in the Unites States that appear to be 
attributable to mammoths and other megafauna and were reported by Parkman (2002). The 
production of rock polish by elephants is known from Africa, and the habit of numerous 
smaller species, such as buffaloes and pigs, of rubbing their bodies on rock to rid 
themselves of parasites has yielded smoothened surfaces in thousands of rock-shelters and 
on rock outcrops the world over. 

One more geological phenomenon that needs to be considered in geotribology are lithic 
geofacts: stones that have been modified by purely natural processes to resemble 
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archaeological artifacts. Geofacts can be of a variety of other materials, but here we are 
only concerned with those consisting of mineral matter. They were generally formed by 
processes such as frost shattering, impact between clasts due to sediment movement (e.g., 
by solifluction), fluvial or marine action, or damage occasioned by human activity (e.g., 
plowing, crushing by vehicles). Therefore, lithic geofacts, just like lithic artifacts, are 
attributable to the interaction of two surfaces in relative motion, but there is an 
archaeologically significant difference: lithic geofacts resemble stone implements closely, 
but they were created by geotribological and thus natural processes. Ever since the times 
of Boucher de Perthes, in the mid-1800s, archaeologists have struggled with effectively 
discriminating between artifacts and geofacts (or zoofacts). This difficulty is usually more 
acute the smaller a site assemblage is and the older it is: a large assemblage permits the 
recognition of repeated types. Secondly, the earlier lithic tool traditions (especially those 
of the Lower Paleolithic) are more likely to be mimicked by natural knapping. Many 
recommendations have been presented for mastering the distinction, ranging from the naive 
to the realistic: contrary to some claims, the presence of striking platforms, point of 
percussion and bulbar surface does not necessarily identify an artifact. Elaborate 
prescriptions for discrimination (e.g., Lubinski et al. 2014) seem more convincing, but 
ultimately there is an epistemological barrier. The determination strategy is similar to that 
of claiming to know what ancient rock art depicts: it is not testable except by circular 
reasoning. Therefore, the absolute discrimination between lithic artifacts and geofacts is 
not possible; separation can only be achieved as a statement of probability. That probability 
can be very high, and it can be greatly improved by the stratified presence of such materials 
as butchered animal remains, other human occupation evidence, charcoal and ash from 
hearths, fire-damaged artifacts, or human remains. However, a 100% conclusive 
determination is not possible, which is not the belief conveyed by many Stone Age 
archaeologists. On the contrary, they are often adamant that such resolution is possible, 
because they themselves have no difficulty achieving definite determination. The problem 
is, of course, that these cannot be tested as science would demand. 

It is at this point that the involvement of tribology becomes most attractive. The 
production of both lithic artifacts and geofacts is undeniably within the domain of 
tribology, and since that field is a precise science, it seems possible that intensive study of 
the two categories might well improve the resolution of probability determinations 
concerning them. In this the tribologist would no doubt set out by exploring the well- 
trodden paths of archaeology, involving such aspects as knapping techniques, material 
properties, and microwear patterning (Semenov 1964). However, before that becomes 
feasible, tribology will need to accept that percussive impact is as much a process it needs 
to understand as the much more popular abrasion. Both artifacts and geofacts derive largely 
from impact, although there is also a considerable component of pressure flaking involved 
in the production of both phenomena. This brings back the proposition presented just a few 
pages back: that compressive processes need to be part of a fully developed and 
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comprehensive tribology, not only those of abrasion and impact. In short, a comprehensive 
geotribological approach shows unambiguously the need to involve all potential effects 
when two surfaces in relative motion interact physically. 
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Chapter 3 


ARCHAEO-TRIBOLOGY 


ABSTRACT 


This first generic consideration of archaeo-tribology begins with one of the oldest 
ironies in archaeology, the inability of reliably separating lithic artifacts from geofacts. A 
number of other applications of tribology in archaeology are then considered, although the 
list is not intended to be exhaustive. Particular attention is given to traceology, the 
tribological study of work traces on a variety of surfaces. This includes microwear on 
artifacts generally, but focuses especially on identifying deliberate engravings on materials 
such as bone, ivory, ostrich eggshell, and stone. Numerous examples are reviewed and the 
difficulties of archaeologists in characterizing them correctly are noted. Tribological 
studies of many specimens are described, leading to the detailed study of beads and 
pendants. Attention is also given to the great antiquity of such exogrammatic evidence, and 
to the deductions made possible by detailed tribological and replicative studies. The chapter 
ends with a discussion of archaeological replication work. 


Keywords: tribology, archaeology, geofact, artifact, traceology, bead, pendant, replication 
study 


SEPARATING ARTIFACTS AND GEOFACTS 


Seen from the perspective of the geosciences, the effects of humans on the geological 
environment can be perceived as a form of weathering, or as anthropogenic interventions 
in drainage patterns, seashore formation, sedimentation processes, and indirect changes to 
geological processes. For instance, humanly induced climate change causes the melting of 
glaciers, which in turn effects glacial isostatic adjustment: as a glacier shrinks, the 
supporting lithosphere rebounds and is raised. This effect is then caused indirectly by 
human action. However, seen from the perspective of archaeology, the roles and effects of 
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humans in the most recent history of our planet are perceived in a very different light: they 
are central to the discipline; they define it. 

The sub-discipline of geotribology has been delineated for some years, although it must 
be acknowledged that it has been treated in an inchoate fashion so far, rather as if plate 
tectonics were its main subject. In reality, very little can be determined about the tribology 
of continental drift, because its detailed physical manifestations (e.g., effects of asperities 
or stick-slip) are usually not readily accessible. They occur mostly deep in the Earth’s crust 
and only become tangible when such features are brought close to the surface by uplift. 
Indeed, the best tribological access to this field is through extrapolating from the small- 
scale phenomena of geotribology, such as the wear traces caused by fluid movement 
(water, air, glacial) of particles and the precise mechanics responsible for them. Such 
aspects have not been adequately considered by tribology, which as a discipline has been 
focused too much on technological and ‘economic’ applications. 

The tribology of anthropogenic phenomena relating to the human past has not been 
considered at all until now. In fact, I suspect that most archaeologists have not heard of 
tribology, and have therefore never been in a position to benefit from this science. Indeed, 
it is in this volume that the establishment of a sub-discipline of archaeo-tribology is first 
proposed. It is attempted to deal here with a variety of potential applications of tribological 
review in the field of archaeology, and as we will see in this chapter there are many of 
them. 

We best start with the application implied toward the end of the previous chapter, when 
we considered the tribology of geofacts. Stone artefacts, their humanly made 
counterparts, can be so similar to geofacts that their secure disambiguation remains 
unattainable by archaeology. The discipline has struggled with this problem for its entire 
existence. In the 1820s, medical doctor Casimir Picard found stone implements of what 
today is called the Acheulian tradition in the gravels of the River Somme catchment area 
in northern France. When in the 1830s and 1840s it was proposed by his collaborator, 
customs official Jacques Boucher de Crévecceur de Perthes (1788—1868), that these hand- 
axes and other lithics occurred in the same geological layers as the remains of extinct 
‘Diluvian’ fauna, he claimed that they were of the Pleistocene (Boucher de Perthes 1846). 
His oral and written presentations were universally rejected, and it did not help that he 
had other eccentric ideas also. For instance, he suggested that women should have rights, 
that living standards should be raised for the working class, and he went as far as to 
advocate universal peace (Figure 35). For as long as archaeology has existed it has had to 
contend with such eccentrics—and that includes the present author. The culmination of 
de Perthes’ battle with the experts came in 1858, when an archaeology congress in Paris 
issued a unanimous declaration stating that the entire assemblage of his stone tools were 
“a worthless collection of randomly picked up pebbles” (Bednarik 2013). This turned out 
to be quite an embarrassment, because at the time two British geologists, Hugh Falconer 
and Joseph Prestwich, were digging alongside one of de Perthes’ trenches. 
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Figure 35. Jacques Boucher de Perthes. 


They were testing his claims, which is precisely what good scientists would do. Their 
acceptance of de Perthes’ propositions (Prestwich 1859), together with the influential 
books by Darwin (1859) and Lyell (1863), caused the public to support these ideas and the 
archaeologists followed public sentiments suit. 

Thousands of blunders later, archaeology is still unable to provide conclusive 
diagnostics for distinguishing stone tools from “worthless pebbles”. An example is the 
‘eolith debate’ that began in England in the 1880s, continued for many decades (O’Connor 
2003; Ellen 2011) and is still not fully resolved (Grayson 1986; Roebroeks and van 
Kolfschoten 1994; Collins 1997; O’Connell and Allen 2004). Eoliths are naturally 
fractured chert (or flint) fragments of the Pliocene that were regarded as stone tools 
particularly in England. They played a role in the acceptance of the Piltdown hoax of 1912 
(Bednarik 2013: 71-74). But rather than dwelling on past errors, let us investigate the 
present diagnostics for recognizing stone tools (Nash 1993; Hosfield and Chambers 2003; 
Gillespie et al. 2004; Shea 2010). 

I have examined several of the controversial assemblages, one of the most famous and 
largest of which is that of the Calico site near Barstow in California (Haynes 1973; Payen 
1982). Its hundreds of thousands of lithics derive from the site’s massive concentration of 
glassy, very fine-grained cryptocrystalline and microcrystalline silica cobbles. They extend 
up to eight meters deep into the sediment, the Yermo formation, and are thought to date 
from the Middle Pleistocene (around 200,000 years old). However, they were formed more 
by pressure flaking than by impact, as the sediments moved in the form of mudflows. A 
few dozen specimens really do resemble genuine Lower Paleolithic tools, but they account 
for a tiny fraction of one percent of the total and are no proof of human presence in the late 
Middle Pleistocene, as claimed by many archaeologists. There are vast numbers of genuine 
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artifacts at the site, which served as a quarry for high-quality lithic material, but they are 
entirely restricted to the uppermost few centimetres of the deposit. 

Another of the famous controversial sites I have investigated in detail is Toca do 
Boqueirão do Sitio da Pedra Furada in southern Piauí, Brazil (Guidon 1984; Guidon and 
Delibrias 1986). Here I was able to confirm that sediments soundly dated to up to 40,000 
years old yielded humanly knapped white quartz cobbles (Bednarik 1989), and these 
remain the earliest reported stone tools in the Americas. Nevertheless, the status of the 
lithics from Pedra Furada has remained controversial to this day, as has the question of the 
timing of the initial human colonization of the Americas. Archaeologists cannot agree on 
the nature of the lithics, here and at almost countless other sites around the Earth. 

What causes these difficulties in discriminating between stone tools and geofacts? In 
view of the importance of stone tools to archaeology, providing the main evidence of more 
than 99% of the duration of human tool use, this obfuscating factor is a significant 
disadvantage to the discipline. Yet there is limited effort of correcting it. It is actually part 
of a greater malaise. Archaeologists are also incapable, for example, of conclusively 
differentiating between rock art and many kinds of natural markings on rock surfaces, as 
demonstrated by numerous examples (Bednarik 1994a) and briefly discussed in Chapter 2. 
They also have difficulties distinguishing between deliberate engravings on portable 
objects of many materials, and incidental markings such as butchering marks or naturally 
occasioned surface patterns of various kinds. Then there is the difficulty of discriminating 
between natural accumulations of charcoal fragments occurring in excavations (caused 
e.g., by aeolian action, sediment deflation, animal activity) and the remains of genuine 
hearths. There appears to be a generic issue preventing the secure differentiation between 
features that are fundamentally important to archaeology, and similar phenomena that are 
irrelevant to it. This does not bode well for a discipline beset by so many other 
epistemological difficulties (Bednarik 2013) and relying in its practices on apophenia, the 
detection of patterning in the way evidence presents itself. 

In the case of lithic artifacts versus geofacts, a review of the thirteen attributes 
archaeologists have generally adhered to in discriminating between them is instructive: 


1) Presence of cortex on a flake’s striking platform: some authorities believe it to be 
diagnostic of geofacts (Patterson 1983), others do not (Peacock 1991). 

2) A bulb of percussion is only typical for artifacts: this is the view of Patterson 
(1983) and Peacock (1991), but opposed by Luedtke (1986) and Nash (1993). 

3) The shape of the bulb of percussion is diffuse on geofacts, but pronounced on 
artifacts: some archaeologists support this view (e.g., Patterson 1983; Luedtke 
1986; Peacock 1991), whereas others reject it (Barnes 1939; Nash 1993). 

4) The presence of eraillure scars (characteristic bulbar scars on the ventral surface 
of flakes) is typical of artifacts: Patterson (1983), Peacock (1991), and Nash (1993) 
are certain of this; Luedtke (1986) opposes their view. 
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5) An exterior platform angle of <90° identifies an artefact: this is proposed by Barnes 
(1939), opposed by Patterson (1983), Luedtke (1986), and Nash (1993); and is not 
supported by experimental work. 

6) The presence of ripple lines on the ventral face is indicative of a geofact: Luedtke 
(1986), Peacock (1991), and Nash (1993) support this view. 

7) The degree of weathering on individual flake scars differs on geofacts, but 
typically not on artifacts: this has been proposed by Patterson (1983), Luedtke 
(1986), and Peacock (1991). 

8) The absence or near-absence of dorsal flake scars indicates a geofact: Patterson 
(1983), Luedtke (1986), Peacock (1991), and Nash (1993) concur. 

9) Dorsal flake scar orientation parallel to medial axis indicates a flake is an artifact: 
this is believed by Barnes (1939), Patterson (1983), Luedtke (1986), Peacock 
(1991), and Nash (1993). 

10) The absence of dorsal cortex proves the specimen is an artefact: Patterson (1983), 
Luedtke (1986), and Peacock (1991) believe this. 

11) The presence of platform faceting is typical of geofacts: this view is supported only 
by Peacock (1991). 

12) Radial fissures occur on artifacts but not on geofacts: Peacock (1991) is also the 
only one of this view. 

13) The ventral and dorsal surfaces can be identified on artifacts but not on geofacts: 
only Bradbury (2001) holds this view. 


Even a cursory reading of this list of ‘diagnostic’ features to distinguish between 
artifacts and geofacts suggests considerable disagreement among specialists. On the 
relevance of the first five (1—5) there is no agreement. Then we have agreement between 
some of the experts, but not all of them, on the next five diagnostics (6—10). Finally, there 
are three more variables (11—13) on which only one of the commentators offers an opinion, 
in two cases the same author. In fact, there is not a single feature on which this sample of 
specialist archaeologists actually agrees. If we were to increase the sample of authors, the 
disagreements would become even more apparent and there would be further 
disagreements or additional variables to disagree about. This list of supposedly diagnostic 
attributes separating lithic artifacts from geofacts therefore indicates already by an initial 
viewing that there are no reliable guidelines to recognize either class. 

But on closer inspection this list proves to be still more problematic. Consider for 
instance variable (13): ventral and dorsal surfaces occur on any detached flake, irrespective 
of its causation, so this cannot possibly be diagnostic of artifacts. It is frequently found on 
flakes formed by natural impact, caused by gravity, fluvial or marine movement or any 
other factor. It can even be found on flakes deriving from pressure knapping, which can 
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have various causes. Similarly, attributes such as the external angle of striking platform (5) 
and ventral rippling (6) are certainly not diagnostic of either geofacts or artifacts. A 
somewhat better suitable variable is the presence of differently weathered dorsal flake scars 
(7), which is likely to be more common on geofacts. However, it is certainly not a reliable 
indicator: there are numerous instances where stone tool knappers recycled ancient stone 
implements as welcome sources of good lithic material. Needless to say, such specimens 
bear flake scars of greatly varying ages, and therefore different degrees of weathering or 
patination. Attributes (8) and (9), however, are unsuitable as diagnostics, and yet there is 
agreement among the specialists regarding their reliability. Geofacts may well bear 
numbers of dorsal flake scars, and many artifacts exhibit flake scars that are clearly not 
aligned to the medial axis—or, more correctly, the direction of flake detachment. 

Those experts who commented on the presence of dorsal cortex (10) believe that such 
an attribute proves the specimen to be a geofact. They are certainly all mistaken, because 
there is no reason why a flake bearing cortex would not have been used as an artifact. Even 
a decortication flake is a debitage artefact, and not a geofact, yet it always bears dorsal 
cortex. Similarly, Peacock’s propositions that platform faceting (removal of small flakes 
from the striking platforms; 11) or radial fissures (12) are diagnostic features seems to have 
very little merit. There is no reason that part of a platform could not have been removed 
from an artifact, for instance for the purpose of hafting it. Similarly, there is no reason why 
radial fissures should be absent on all geofacts. Some of the commentators seem not to 
realize that such features, just as pronounced bulbs of percussion or ventral ripple lines, are 
related to the type of impact, and are not inherent differentiation factors. More specifically, 
ventral surfaces differ depending on whether hard percussion or soft hammer percussion 
were applied, and these differences apply irrespective of whether the impact was by human 
agency or by natural. Disagreement among the commentators about the remaining 
attributes listed speaks for itself, and again shows that not one of the supposedly diagnostic 
characteristics is truly reliable. In fact, most of them are not remotely diagnostic. 

This leaves archaeology with a distinctive quandary: dealing as it does with human 
history, its principal empirical evidence from almost the entire duration of that history 
consists of stone tools. They are the most durable and ubiquitous residue of hominin 
history. The intricate sequence of ‘cultures’ archaeologists have invented for the 
Pleistocene period is essentially based on stone tool traditions, and both the tool types it 
has defined and the traditions of them are invented entities (“institutional facts”, Searle 
1995). Both the lithic implement types and the ‘cultures’ deduced from their relative 
patterns of occurrence are archaeofacts (Bednarik 2013) or “egofacts” (Consens 2006). 
They become even more obscure when we consider the untestable nature of their 
differentiation from the similar natural products we call geofacts (cf. Andrefsky 2013). 
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Figure 36. Some of the millions of presumed geofacts found in nature. 


This raises the question: is that impasse necessarily inevitable, or is there some way 
that one of the sciences could resolve it? The identification of ‘Paleolithic’ stone tools is 
actually conducted on an intuitive basis: practitioners are highly familiar with formal 
mental templates, have examined large numbers of specimens, and individually formed 
innate conceptions of the interplay of characteristics that collectively make up a stone 
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artifact. This works very well for the relatively recent periods of human history, such as 
the Upper Paleolithic and subsequent traditions, because tool types are rather well 
differentiated and easily categorized. That is somewhat less obvious in the preceding 
Middle Paleolithic/Middle Stone Age or Mode 3 traditions. With the still earlier lithic 
industries, those of the Lower Paleolithic, the boundaries between its artifacts and similar 
but non-artifactual materials become increasingly blurred as one proceeds back in time. 
Here, the main exceptions are the few distinctive types of Mode 2 traditions, especially 
bifaces (hand-axes and cleavers) of Acheulian industries. Much the same applies to more 
recent tool kits of undifferentiated, vague types, as they have been found in many parts of 
the world. Stone tool users often produce assemblages of opportunistic features, or tools 
that take into account the idiosyncracies of local lithologies or technological demands. In 
such cases they may use flaked silica stones that are hardly distinguishable from naturally 
flaked specimens (Figure 36). Indeed, they may well use these opportunistically, which 
would suggest that the demarcation between artifact and geofact is somewhat elastic. All 
of this suggests that the discrimination of naturally and artificially flaked stones is not 
served well by devising prescriptive tenets of achieving it, such as those listed above. 

This is not a satisfactory solution and perhaps there are ways science could resolve the 
matter. Both lithic artifacts and geofacts are products of tribological processes: the effects 
of ‘interacting surfaces in relative motion’. Both are of the same stone types possessing 
high cleavage potential, in the sense of responding readily to percussion or pressure. 
Siliceous minerals of hardness 6 to 7 on Moh’s scale account for most of them. They 
include chert, flint, quartz and quartzite, jaspilite, agate, chalcedony, and other micro- to 
crypto-crystalline or amorphous materials of silica, including obsidian, glass and (in 
Australia) porcelain. The interaction between the two surfaces involved is one of 
dissipating kinetic energy, much of which is spent splitting the stone, but there are also 
other effects. For instance, silica dust is produced and sprayed around the impact zone. 

In knapping siliceous stone, several variables need to be carefully controlled, namely 
the force and angle of the blow, the material of the impacting tool, platform thickness and 
especially exterior platform angle (Dibble and Whittaker 1981). There are three basic 
methods of knapping flint-like siliceous stone, which breaks in typical conchoidal 
fractures. The first used in human history was the hard hammer technique, in which a 
cobble of very hard stone, such as quartzite, is used as a hand-held hammer. The soft 
hammer technique, using softer stone, bone, antler, or ivory is more precise and tends to 
yield cleavage surfaces of lower concavity. Finally, pressure flaking allows fine control in 
the removal of small flakes along the edges of tools and facilitates the production of highly 
refined implements. However, if much greater pressures than those a human operator can 
produce are applied to cobbles of siliceous stone, they can be fractured by pressure alone. 
The resulting fractures can seem indistinguishable from human knapping evidence. 
However, I am not aware of any controlled research into the pressure flaking of such 
cobbles. The geological arena provides many opportunities for such natural reduction of 
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cobbles by mechanical pressure. For instance, cleavageable stone within large mudflows 
can be crushed between other clasts under such conditions of high pressure. Other natural 
scenarios of stone fracturing involve cobbles experiencing free fall, e.g., from a cliff or in 
a waterfall; or they can be crushed under the lithic debris beneath glaciers; or subjected to 
kinetic impact when propelled by fluvial or marine transport; or they can be fractured by 
frost or thermal stress. 

The processes of stone tool production as well as geofact generation are certainly 
tribological effects, but they have never been investigated from that perspective. Indeed, 
tribology has never even been considered as being relevant to archaeology. Bearing in mind 
archaeology’s described conundrum with reliably recognizing stone tools it would seem 
worthwhile considering what tribology might be able to contribute here. The kind of 
experimental work the discipline does with fatigue phenomena in machines could be 
adapted for the issues archaeology and lithic technology face. For instance, the lack of 
experimentation with pressure flaking of siliceous rocks under conditions of great pressures 
is a hiatus tribology could fill. It is through efforts of this kind that archaeological 
speculations could be replaced with detailed understanding of the causal processes in the 
production of both lithic artifacts and geofacts. Once they are understood with tribological 
clarity the discrimination between the two classes is likely to become credible and testable. 


TRACEOLOGY 


One measure to help in the identification of stone tools is microwear: the use traces on 
the edges of implements that have been utilized for one task or another. In lithic microwear 
analysis, aspects of tool use are reconstructed from patterned variation in the traces of 
microscopic wear on tools of stone and other materials. The analysis of lithic microwear 
traces has increased understanding of how tools were used in contexts ranging from the 
Early Pleistocene to the ethnographic present. Archaeology has sought to explore what 
artifacts were used for and how they were used ever since it had opted to accept that pre- 
Historic artifacts existed, without any significant improvement for a long time. This 
considerable hindrance was resolved by the dedication of one single scholar. Sergei 
Aristarkhovich Semenov (1898-1978) is the founder of systematic lithic functional 
analysis. But because of the poor reception of Russian (Soviet) work in the West at the 
time, his outstanding seminal work (Semenov 1957) remained ignored, even after it was 
translated into English (Semenov 1964). It took about two decades before its importance 
to archaeology began to be appreciated (Keeley 1974, 1980, 1982; Keeley and Newcomer 
1977), but the full impact of Semenov’s extraordinary foresight was not realized for several 
more decades. Indeed, this historical development brings to mind the identical treatment 
by the West of another truly monumental epistemological model deriving from Russia, that 
provided by taphonomy. Invented by Efremov (1940) for paleontology, it took the West 
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almost forty years (Behrensmeyer 1978; Gifford 1981) to consider the model that deals 
with the logical underpinning of the idea that the quantified characteristics of a record of 
past events or systems are not an accurate reflection of what would have been a record of 
the live system or observed event. And it took a few more decades for Western 
archaeologists to discover that the same logic applies to their discipline. Indeed, most saw 
taphonomy as actuo-paleontology, which ironically is precisely what Efremov sought to 
replace (Solomon 1990; Lyman 1994). The full implications of taphonomic logic 
(Bednarik 1990-91, 1994b) remain widely misunderstood even today. 

Semenov’s studies from the 1930s onwards were multidisciplinary, involving not just 
archaeology, but also ethnology, anthropology, economics, paleontology, sedimentology, 
petrology, physics; and they relied especially on the microscopy of specimens (Semenov 
1964: 22-23). All of the processes and phenomena he discovered and described are 
tribological, and without realizing this himself, he was primarily a tribologist and a forensic 
scientist—except tribology as a discipline did not exist at the time and forensics not in a 
formal sense. Rather than indulging in the creation of a functional typology, he focused on 
the description of the technical processes of action on matter (Figure 37). 

However, in his main publication he provided very limited methodological detail about 
his work. So when Westerners tried to replicate his results they had to guess what 
equipment he might have used and they got it quite wrong, using much higher 
magnification microscopes. Naturally they failed to see what he had reported (Tringham et 
al. 1974), until Keeley used the right range of magnification and microscopes, having read 
the original Russian texts. (Precisely the same occurred when I introduced microerosion 
analysis [Bednarik 1992a]: commentators tried to replicate it by using scanning electron 
microscopy and reported they could not see micro-wanes.) 


ESRT. 





Figure 37. Example of Semenov’s analysis, faithfully recording each striation on the base of a biface 
from Kostenki 1, Russia. 


At a meeting of functional analysts Brian Hayden organized in Burnaby, British 
Columbia in 1977 (Hayden 1979), the concept of tribology was first introduced, but not 
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developed to any extent. Nevertheless, Semenov’s work shows amply that he applied 
principles of tribology in it, and he also conducted experiments to understand tribological 
effects (Semenov 1968, 1970, 1974). Moreover, his use of a Linnik-type interferometer as 
used in tribology underlines this aspect of his research. His main work (1964) is certainly 
not a ‘handbook for beginners’; to comprehend the remarkable scientific acumen and 
breadth of vision of its author it is essential that the reader possesses considerable prior 
experience in the field. Semenov truly is the ‘Father of Traceology’, the field we will 
encounter repeatedly in this chapter. 

The logical precision and testability tribology could bring to this field are likely to 
facilitate the development of traceology in the direction of science. Although Semenov’s 
solution to the old challenge in archaeology, how to determine the true roles of artifacts, 
has been a great boon for hunter and gatherer archaeology, it is still being developed. 
Microwear evidence can provide strong supporting evidence for an interpretation, but it is 
not conclusive evidence. This is because the visual or morphological similarities between 
the wear traces on an ancient and an experimental tool do not necessarily prove that they 
were caused by the same process. Certainly, there is a high likelihood suggested, but the 
precise probability remains quite uncertain. This is where tribology might be able to create 
better resolution findings. 

Essentially there are five types of microwear: edge chipping (removal of tiny 
conchoidal scales from the working edge of silica stone tools), striations (tribological 
grooves caused by asperities of the material being worked or of sand grains, parallel to the 
direction of relative motion), polish (dispersion of minute particles and micro-plastic 
alterations of the surface), grinding (application of higher pressure with dispersion of more 
substantial particles), and rasping (macroscopic destruction of a surface). These must be 
distinguished from surface changes due to natural causes, which is reminiscent of the 
previously detailed difficulties of discriminating between natural and artificial features in 
various contexts. It also needs to be appreciated that not all microwear evidence relates to 
the tribological effect between tool and the material being impacted upon. In addition to 
this ‘primary’ effect, there is also friction and wear by the hand holding the tool, or by the 
handle in which the tool is hafted. 

To render the issues even more complex, from the tribological perspective there are 
two different types of relationships. In one, an artifact modifies aspects of the surface of 
other material, e.g., a burin is used to cut a groove. In the second, the material being worked 
(or a sand grain caught between the interacting surfaces in relative motion) affects the tool’s 
working surface. This means that the material being worked (or the sand grain) in a logical 
sense becomes the ‘tool’. It may therefore be better to speak of ‘active’ and ‘passive’ 
tribological surfaces of which the first affects the second. Commonly the passive surface 
is the one of the lower degree of hardness (note, however, that the concept of ‘hardness’ is 
not as simple as common sense or Moh’s scale might imply, and the term is used here in a 
generic sense), but this is not necessarily the case, especially where an intervening material 
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comes between the active and passive surfaces. Such material can be sand grains, dust, or 
grit that effectively assumes the role of active surfaces with their own asperities. At this 
point it becomes apparent that the tribology or forensics of these processes are not quite as 
simple or clear-cut as the archaeological interpretations might convey. The issue of cause 
and effect, so fundamental to good science, needs to be investigated with the care 
demanded by Semenov’s diligence, which has not been surpassed by subsequent work over 
more than half a century. But his pioneering work can be improved upon, and I suggest 
that tribology should spearhead such efforts. This is where archaeo-tribology begins in 
earnest. 

To provide an example of how such improvements are feasible, let us revisit the 
archaeological claim above (in the previous sub-chapter) that “the presence of platform 
faceting is typical of geofacts” (number 11 in the above list). Semenov provides a very 
detailed discussion of the production of flakes by pressure (Semenov 1964: 44-55), in 
which he shows tribological evidence of pressure flaking, and that platform ‘faceting’ is a 
common incidental effect of it (ibid: Figs 7-10). He also demonstrates that pressure flaking 
is not limited to relatively recent periods or to cryptocrystalline and amorphous materials 
(chalcedony, tachylyte, obsidian), but occurs also in slightly coarser materials and earlier 
periods. His ample ethnographic examples are of course drawn from recent sources, 
including Pharaonic Egypt, but he provides most instructive cases of Upper Paleolithic 
pressure traces. Some of his evidence resembles the kind of lamellar fracturing caused by 
heat, and it is clear that such fracture patterning of platforms would resemble deliberate 
faceting. Contrary to Peacock (1991), it would very rarely, if at all, occur on geofacts. This 
example shows that much greater care is required in detecting and recognizing tribological 
effects in stone artifacts than by simplistic attribute lists such as that cited above. 

Among the areas of archaeology most in need of tribological insight is the study of 
grooves made by abrasion on the surfaces of portable objects of stone, bone, ivory, ostrich 
eggshell, and amber. There are several reasons for the importance of these issues, but here 
are the most obvious ones. Some of these grooves are artificial, some of them are natural, 
and practitioners have experienced considerable difficulties discriminating between the 
two. We have encountered the same challenge in various contexts already, and here it boils 
down to explaining important archaeological issues. In archaeology it tends to be 
fundamentally important whether some surface grooves were caused by humans or by other 
agents. Another debilitating controversy concerns the distinction between grooves on bone 
surfaces that are defleshing marks, and those that were made deliberately, having symbolic 
meanings or being exogrammic (Bednarik 2014). Still another form of controversy derives 
from archaeology’s need to distinguish between grooves made by stone implements and 
those occasioned by metal points. Once again it is immediately clear that most of the issues 
causing these controversies are issues of tribology; they are issues involving interacting 
surfaces in relative motion. 
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Let us begin with the adversities archaeologists have contended with in distinguishing 
anthropogenic surface grooves from those made by natural agencies. They involve the need 
to be familiar with all the potential candidates, which, depending on the material in 
question, can be of a considerable variety. Ponder for instance ostrich eggshell, a material 
extensively used and often decorated by peoples of a number of cultural traditions. It has 
been used in the production of paleoart in four world regions: various parts of southern 
Africa, in the Sahara, in India, and in northern-central parts of Asia such as Gobi Desert 
and southern Siberia. In past times, the ostrich was widely distributed from South Africa 
to Siberia, and in some of these regions (e.g., Arabia) it became extinct only during the 
most recent centuries (Bednarik and Khan 2005). 

Ostrich eggshells have been used as water containers that were often adorned with 
geometric patterns, and it has also been extensively used for the production of disk beads 
in two continents. The earliest engravings on this material are from Africa (Figure 38). 
Excavations in Dieplkloof Cave in southwestern South Africa have yielded approximately 
270 engraved fragments of ostrich eggshell (Poggenpoel 2000; Parkington et al. 2005; 
Rigaud et al. 2006). Their approximate age is thought to be between 55,000 and 65,000 
years, based on determinations by thermoluminescence and optically stimulated 
luminescence (Feathers 2002; Tribolo et al. 2005; Jacobs at al. 2008). They are of late 
Middle Stone Age provenience, which is the technological era of sub-Saharan Africa that 
is equivalent to the Eurasian Middle Paleolithic (Mode 3). The earliest known engraved 
ostrich eggshell fragment from Asia is a find from Patne in western India. It has been direct- 
dated by radiocarbon analysis to 25,000 + 200 years before the present (25 ka BP). In India 
the ostrich is assumed to have become extinct in the early Holocene. 





Figure 38. Mode 3 decorated ostrich eggshell fragments, Dieplkloof Cave, South Africa. 
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Ihave studied a total of forty-six ostrich eggshell fragments from India that bear groove 
markings on their outer, convex surfaces. These are held in three collections (in Agra, 
Lotkhedi, and Pune) and derive from several sites (Bednarik 1993). In addition, I have also 
examined numerous unmarked in-situ specimens at the sites Chandresal, Ramnagar, and 
Bhimbetka. In all, forty-one archaeological sites yielding ostrich eggshell were known in 
1988, most of them in the central regions of India (Kumar et al. 1988). Groove-marked 
specimens from seven sites (Patne, Bhopal, Bhimbetka, Nagda, Chandresal, Ramnagar, 
Kekadi) were pronounced to be engraved by humans. In 1990 I conducted a survey of the 
groove-marked specimens and established that forty-five of those I examined 
microscopically bore taphonomic rather than humanly made markings. The grooves 
occurring on these fragments are shallow and of rounded section; there is no trace of any 
striations in them, but perhaps most importantly, typical signs of the application of tools 
are lacking. These relate especially to the thin smooth external layer of the eggshell, 
overlaying its much thicker prismatic zone. When a stone tool (or any other hard tool) is 
applied to the eggshell’s exterior to produce a groove by abrasion, the surface veneer tends 
to splinter along the margin of the groove (Figure 39). This tribological effect derives from 
the kinetic energy applied, some of which is released by shattering the veneer layer by 
stick-slip. Most of the energy is discharged in the task of creating a furrow in the main 
layer, removing matter from it by abrasion. Besides the diagnostic damage to the surface 
stratum, the stone tool also creates with its microscopic asperities a set of longitudinal 
striations on the groove’s floor that function as a ‘signature’ of the tool point when applied 
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Figure 39. Schematic depiction of engraved grooves on ostrich eggshell in plan view (a, b); and section 
of engraving (c) and natural solution groove on the same material (d). 


in a given orientation. 
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In forty-five of the forty-six grooved Indian ostrich eggshell fragments I have studied, 
the section of the grooves is rounded, there is no shattering along the margins indicative of 
the application of mechanical force, and there are no internal striations. Therefore, 
tribological examination suggests a non-mechanical process, such as selective solution 
capable of forming grooves. Moreover, none of the pieces analyzed bore any arrangements 
recognizable as intentional, be they iconic or aniconic. For instance, none were identifiable 
as geometric designs; they were all simple random linear or sinuous markings. Ostrich 
eggshell consists essentially of calcium carbonate; therefore, it is susceptible to natural 
acidic reactions. Sahni et al. (1990) have conducted scanning electron microscopy to 
identify Indian samples, noting that they resemble the eggshells of Struthio camelus 
molybdophanes, but point out that Struthio asiaticus may have had a similar pore structure. 
Sahni and colleagues found that in section, the ‘external layer’ is <0.1 mm thick, while the 
main layer accounts for about three-quarters of the shell’s thickness. It is called “prismatic 
layer’ due to its vertical columnar structure. These prisms terminate in the innermost 
stratum, called the ‘mammillary layer’. 

The surface grooves on the forty-five naturally marked specimens are about twice as 
wide as the tool-caused markings on the Patne specimen (Figure 40). A few of them have 
been dated and they may be from about 25 ka to 39 ka old. The grooves lack straight lines, 
they meander over the surface in apparent random patterns, fade out frequently or show 
greatly varying depths. Because these are very small fragments it is difficult to determine 
their overall patterning. Due to the chemical composition of the eggshell, it can only 
survive in alkaline sediments over the long term. I have obtained readings of pH 8.0-8.5 
from carbonate-rich sediments immediately adjacent to eggshell fragments at both 
Ramnagar and Chandresal sites. Where I have been able to correlate such specimens to 
stone tools stratigraphically, the latter appear to have been of Upper Paleolithic typology. 





Figure 40. The engraved ostrich eggshell fragment from Patne, India, 25,000 years old. 
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The types of solution grooves are similar to those one can find on other materials 
dominated by CaCO3. Most particularly, ivory is a dense form of dentine, which consists 
mainly of hydroxylapatite, Cas(PO4)3(OH), and some non-crystalline amorphous calcium 
phosphate. I have described very similar groove markings on ivory objects from several 
sites, including Kostenki and Avdeevo in European Russia, and Mal’ta, Buret’, and Ust’- 
Uda in Siberia. In these cases, it had never been proposed that the markings are artificial. 
In rare examples they are strongly developed, covering the ivory surfaces densely. Only 
one of the surfaces of the object is usually marked, or if there are markings on the opposing 
surface they are much fainter or sparser. This is particularly evident on material from sites 
on the Angara River near Irkutsk, e.g., the anthropomorphs Mal’ta No. 5, 7, 9, 10 and 
‘flying bird’ No. 5, among others (Bednarik 1992b). The effect is even more pronounced 
on the Buret’ ivory specimens, such as the solitary ‘flying bird’ and anthropomorphs 3 and 
4. 

Most of the material being considered here is Upper Paleolithic, but the perhaps best 
examples of this natural marking phenomenon come from a Bronze Age grave at Ust’-Uda, 
also on the Angara. These three very flat, almost paper-like anthropomorphous depictions 
bear the densest latticework of such grooves I have ever examined, especially the largest 
of them, 27.8 cm long. Here the grooves are 1.0-1.5 mm wide, of shallow rounded section, 
meandering randomly over the surface, often until they reach the edge of the object. They 
then wrap partly around the edge and disappear abruptly. In some instances, grooves divide 
into two, just as the plant rootlets that caused them did. Where the rootlets made contact 
with obstructions, they followed their upper surfaces until they could continue their 
progress downwards. Many plant species have symbiotic associations of the mycelium of 
a fungus with their roots. The micro-organisms of the mycorrhiza of fungi exhale carbon 
dioxide which reacts with moisture in the soil to form carbonic acid. This effect allows 
some plant species to widen fine fissures in limestone and penetrate to subterranean spaces 
(caves) below that are filled with water, by dissolving the rock on a very small scale. I have 
on numerous occasions observed grooves on limestone in caves that were caused by the 
same process. That very same effect is responsible for the grooves on both ivory and ostrich 
eggshell, and it can also be observed on gastropod shells, similarly consisting of calcium 
carbonate. 

On this basis it is reasonable to propose that there may be some variations in the 
morphology of the mycorrhizal grooves, depending on such factors as plant species and 
depth below surface. Some tree species such as eucalypts and pines can penetrate trough 
tens of metres along the fissures of limestone, while the fine groove lattices on portable 
objects are more likely the results of smaller plants. The Ust’-Uda objects show that such 
specimens can be densely enveloped in fine rootlets, and one would expect to find 
variations according to the plant species causing the patterns. The distribution of the 
grooves, mainly on the upper surface, and the way they wrap around the edge of the object 
obstructing the downwards progress of the rootlets are diagnostic. So is the groove section, 
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the complete absence of striations, and, in the case of ostrich eggshell, the absence of 
splintering scars along the groove edges. Concerning the depth at which the marked objects 
were found, usually beyond the reach of fine rootlets, it needs to be borne in mind that the 
root markings may well date from a time when these finds were located much closer to the 
surface. 

The most thoroughly studied ostrich eggshell engravings are those on the Patne 
specimen, which as noted has been direct-dated to about 25 ka BP. The fragment measures 
28.9 x 20.5 mm and is in the order of 1.9 mm thick. Its excellent preservation is attributable 
to the calcium carbonate-rich sediment it was found in, evidenced by the traces of 
reprecipitated and quite crystalline deposits of calcite still adhering to its surface (Figure 
40). The band of cross-hatched groove markings averages about 4.8 mm width. The 
hatching is inclined at 30—32° to the presumed outer of the border lines in one direction; 
but varies from 27—-47° in the other direction. The spacing between the hatching lines also 
varies considerably, ranging from 0.8 mm to 2.7 mm. 

‘Below’ the main preserved design is a longitudinally truncated, much less regular 
arrangement of grooves, that is also demarcated by a border line (partially duplicated), but 
the lines below are much less consistent. All engraved lines are between 0.15 mm and 0.20 
mm deep, but they vary considerably in width, being in some cases up to 1 mm wide. The 
bottom of the grooves is generally too corroded to permit the detection of striations, and I 
also believe that at least some of the grooves were made by repeated applications of the 
tool used, probably in both directions. This is indicated by the presence of duplication of 
grooves, showing repeated tool application (cf. Figure 39). 

The tribological potential of abraded markings is of course not limited to ostrich 
eggshell and ivory. Root markings may occur on other materials, such as limestone, marl, 
travertine, or marble, which also consist primarily of calcium carbonate. The outer layer of 
teeth, the dentine, is largely crystalline calcium phosphate, susceptible to the very same 
process. The main component of antler is also calcium phosphate, although the actual 
composition differs in different parts of any one specimen. Nevertheless, calcium and 
phosphorus account for more than one third and the chemical nature of antlers, rendering 
them susceptible to similar kinds of non-tribological, chemical processes. Bone is another 
related substance. Although there are of course variations in composition among species 
and body parts, the principal component of the mineral part of bone (i.e., besides collagen, 
an elastic protein) is again, as in dentine, calcium hydroxylapatite, and there is also calcium 
carbonate present. Therefore, the described mycorrhizal marks can be found on any of these 
materials, and they are the substances nearly all non-lithic archaeological pre-ceramic 
objects are made up of. But not only can these many materials all become marked by 
rootlets, they can be similarly affected by other natural marking processes, such as abrasion 
by clasts as well as by stone tools. Only in the last case can these markings be viewed as 
deliberate anthropogenic products, and even then we still need to distinguish between 
incidental and non-utilitarian marks. Only the latter can be considered exogrammic 
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(Bednarik 2014), whereas incidental abrasive markings include such features as defleshing 
marks on bone. All of this illustrates the full complexity of the issues. Bearing in mind that 
the discrimination of these various types of markings is utterly fundamental to their 
significance to archaeology, and considering the endless procession of archaeological 
errors in identifying such surface markings, we are again reminded of the need to bring 
proper scientific procedures into the subject of distinguishing natural from artificial marks, 
and incidental or utilitarian from meaningful marks. Since all or at least most of these 
categories are tribological phenomena, it makes good sense to turn to this discipline for 
help. 

The traceology of stone materials can be divided into two components, as required by 
the client discipline, archaeology. One concerns rock surfaces, which will be considered in 
Chapter 4. The other deals with portable specimens, such as plaques and other kinds of 
objects often encountered in archaeology. Once again we contend with the principal 
problem facing archaeologists: to distinguish between features created by nature and those 
made by humans; and between those occasioned by humans made fortuitously and those 
they made deliberately. Or to distinguish between deliberate marks made for a ‘utilitarian’ 
purpose and those being ‘symbolic’; and between those exogrammic marks made with 
stone points and those deriving from metal tools. Stone, other than carbonate minerals, 
tends to be better preserved than bone, ivory and eggshell, therefore its markings are 
commonly clearer and easier to study. 





Figure 41. One of the Devil’s Lair ‘plaques’, Western Australia, bearing only taphonomic markings. 
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But let us first consider a ‘test case’ relating to a series of six ‘plaques’ of carbonate 
rock. For over twenty years after they were excavated, some flat limestone cobbles from 
Devil’s Lair in the extreme south-west of Australia were considered to be engraved 
plaques. Dated to the Late Pleistocene, they were almost unique in Australia (Dortch 1976, 
1979a, 1979b, 1984; Dortch and Dortch 1996). Their status was eventually questioned and 
I was requested to conduct a tribological study of the six stones. Applying a methodology 
I had developed for rock engravings—a much more difficult subject to work with because 
they cannot be taken into a laboratory—I employed, among other approaches, microscopic 
analysis, replicative procedures, geomorphological study, and the systematic consideration 
of all possible alternatives in the context of the site’s environment, human use, and 
taphonomy (Bednarik 1998). 

Devil’s Lair is a small cave in Pleistocene aeolian calcarenite containing a deep 
sediment deposit. The six supposedly engraved limestone fragments from the cave’s Late 
Pleistocene deposit were found to bear a variety of taphonomic markings (Figure 41). Not 
a single mark on them can be attributed to a stone tool, and there are very few that could 
even be considered as marks of stone asperities. They lack characteristics such as 
longitudinal striations, stries parasites, sillons rectilignes and others; see e.g., Bednarik 
1992c, 1994a; d’Errico 1994). Based on extensive previous studies of animal scratches on 
rock, relating to many mammalian and non-mammalian species (Bednarik 1991), several 
of the Devil’s Lair markings were proposed to be of two animal species. Among the many 
hundreds of macroscopic and microscopic markings on these objects are kinetic markings 
caused by sand grains or asperities from other stones, and minute solution pits. Numerically 
these abrasions are dominated by traces of various types of modern damage, especially by 
tooth brushes used to clean the objects. Only one similar object has ever been reported 
from another Australian site, a small limestone fragment from Koonalda Cave with a few 
linear markings (Gallus 1971: 115). It has been judged to bear typical animal scratches 
(Bednarik 1991), which are extremely common on the walls and floor boulders of that 
cave. 

By contrast, the engravings of another stone fragment from the same general region, 
southwestern Australia, are clearly anthropogenic, and because of the much better 
preservation their history was determined in greater resolution (Bednarik 1997a). Again, 
the Western Australian Museum requested that the specimen’s tribological history be 
examined by me. The small engraved fragment of slate from an archaeological site near 
Perth, Walyunga, was analyzed by intensive microscopic examination and through 
replication experiments. Various types of markings are present on both faces of the plaque. 
These intentionally made incisions were identified and distinguished from the numerous 
taphonomic marks also present. The anthropic markings were described in terms of their 
production processes, including the sequence in which they were made, and the directions 
from which they were drawn, almost certainly by a steel tool. I concluded that the object 
was engraved on both sides before it was fractured and then worn by sediment. One side 
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bore a very small structured arrangement that may have been iconic, the other a rectangular 
grid pattern. 

Although the site was occupied as early as 8000 years ago, this slate was a surface- 
near find. It was identified as a fragment of a roofing tile imported from Britain, perhaps 
Wales, in the 19th century. The tile was engraved with a steel point, possibly of a knife, on 
both sides. Neither the grid pattern on side A (Figure 42) nor the motifs on the specimen’s 
second face are typical of traditional Aboriginal graphic production. Several tribological 
indicators imply that the grid design was drawn freehand and predates all edges of the 
piece, except the straight tile edge shown left. They also allow the identification of the 
direction of tool application, the repeated application of the same steel point, and the 
sequence of all elements. Using a steel tool to engrave a line, the point of commencement 
always results in a sloping, concave start of the groove, and the groove floor bears a 
distinctive, ‘compressed’ appearance for at least the first 0.8 mm. 
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Figure 42. The two sides of the engraved slate object from Walyunga, Western Australia. 


The designs on side B convey the impression that they may have formed part of a 
children’s drawing, as their ‘geometric’ elements can be found in the work of juvenile 
artists (Figure 42B). Of interest are locations (1) and (2), where the direction of tool 
application changes abruptly. At point (1) there is no interruption of the line, but a telling 
change in groove width from 120-150 um to about 240 um. This suggests that the point of 
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the tool was flattish. At point (2), a distinctive gap of 90 um occurs between the two lines 
which are both c. 150 um wide. Since the same tool was most probably used in creating 
the whole design, the comparison of the two points implies that where the groove direction 
changed significantly without raising and turning the tool, the groove width changed, but 
not where the tool was lifted before continuing in a new direction, while maintaining the 
tool point direction relative the direction of application. This is why we know that the tool 
point was flattened, which might suggest a knife point. 

Subsequent to engraving the slate tile, it was broken and its taphonomic history 
commenced. The various fractured edges were produced at different times, as the wear on 
the micro-wanes indicates. Their wane widths range from 90 um to 180 um. Extensive 
mechanical wear in an abrasive sediment of irregular, often angular quartz grains of 150— 
250 um, through trampling or rubbing against other hard surfaces occurred repeatedly. 
More recently the object became buried in its final shape in the top of the sandy sediment. 
This history has been recovered through tribological or forensic study and by conducting 
numerous experiments with similar slate fragments. 

It is obvious that many of the techniques in these studies may be applicable to a number 
of other materials encountered in archaeology, but considering the tribology of low- 
metamorphism stone (mudstone, slate, phyllites, schist) I would like to relate an 
unpublished experiment conducted many years ago. A colleague with extensive experience 
in the study of engraved marks on archaeological objects sought to clarify the reliability of 
attempts to distinguish between such marks made by stone or metal tools. I was equally 
interested in this subject, so I proposed a blind test: I would send the colleague a slate with 
a roster of ten columns by ten rows, i.e., 100 squares, which he would fill with 100 numbers 
from 0 to 9, in each case using either a stone tool point or an unbroken steel or iron point 
of any description, of any kind of object that might be conveniently used to mark stone. To 
ensure that the experiment is properly monitored the colleague would record his work and 
send the details to another colleague, while returning the slate to me for analysis. I would 
record my findings and send them to the moderator who would compare them with the 
factual details and announce the result. 

That may sound simple enough but as we will see, even the simplest test can be aborted 
if one tries hard enough. Two factors contributed. First, the experimental markings 
included, against my stated conditions, marks made by other than the two kinds of materials 
I had stipulated, stone tools and unbroken steel or iron tools. I had good reasons for 
excluding broken metal, knowing that its asperities could mimic those one observes on 
stone tools. Although one can never exclude the possibility that broken metal may have 
been used in creating engravings, it was a reasonable assumption that people engraving 
plaques or rock art would in most cases be using tools such as needles, screwdrivers, 
bayonets, knives, swords, nails and the like; they would be unlikely to carry with them 
broken metal points. In addition, the experimenter tried to trick me by including a series of 
broken bronze fragments among the tools. His bias of wanting to prove that metal tools 
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could not be identified from rock markings stemmed from the Côa controversy in Portugal 
where some of the purported Paleolithic engravings were proposed to have been 
occasioned by metal tools. Both he and the moderator rejected this explicitly, which was 
precisely the reason why I selected them. What was thus demonstrated was that strong 
biases trump over scientific integrity. 

The next problem was that, against all logic, the moderator somehow managed to 
confuse the orientation of the slate and its decipherment, reading it essentially sideways 
despite all the writing on it clearly identifying its orientation. He hurriedly wrote to me, 
declaring triumphantly, that my success rate had been only 55%, i.e., hardly better than a 
random result. When I pointed out that he needed to turn the slate right way up, it emerged 
that my determinations were correct in 79% of cases. And when from this result we 
removed the examples of broken metal fragments used, I had correctly identified 86% of 
marks. 

Not satisfied with this experiment I returned to the issue several years later to repeat it, 
this time selecting more neutral parameters. First, I selected two participants who held no 
biases on the matter: Dr Yann-Pierre Montelle, a specialist on the application of forensic 
science in rock art research (Montelle 2009), as the experimenter, and Professor John 
Campbell as the moderator. I had also recognized that one should distinguish between 
marks that provided a reasonable degree of confidence in their diagnostics, and those 
providing only poor criteria. Consequently, I proposed to divide my responses into those I 
felt reasonably confident about, and those that were merely tentative. This would provide 
better understanding of the process, I predicted. And of course I instructed the experimenter 
to use no broken metal points. 

This time the experiment went very smoothly, reflecting the non-partisan positions of 
the participants. The result, however, was even slightly less favorable for the proposition. 
Of the 100 markings on the slate, I felt confident in only 58 cases, and provided 42 tentative 
determinations for the rest. For the first group, I scored 51 correct answers and 7 incorrect; 
i.e., I was right 88% of the time (compared to 86% in the previous experiment). Of 
particular interest is that of the remaining sample of 42 marks, I provided 25 tentative 
answers that were correct (60%) and 17 that were false (40%). This shows that if diagnostic 
features are lacking, it is not worth attempting identification. 
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Figure 43. Tribological features of stone tool points (a-f) and steel tool points (g-i). 
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During the test I noted a variety of specific tribological features that are worth 
mentioning. On the stone tool markings, I noted parasitic marks, especially at curved parts 
of grooves where asperities that had not made contact came into play (Figure 43a). In some 
cases these were so pronounced I called them ‘displacements’. They are no doubt 
indications of where, along a narrow curve in the groove, the tool point was slightly turned, 
bringing into play asperities that had not previously made contact with the medium (Figure 
43b). Then there were the typical parallel striae, especially along straight stretches of 
groove (Figure 43c). Some tool grooves ended with distinctly oblique truncations (Figure 
43d). Of particular complexity were sharp turns in the direction of the tool, where not only 
the relative arrangement of asperities changed significantly; the actual cross-section of the 
tool point also took on a different shape (Figure 43e). Finally, there were distinct examples 
of stick-slip, where the tool point clearly stumbled on the medium surface. These 
impressions seemed to be angular, at least in one case (Figure 43f), whereas the ‘stumbling’ 
marks of a metal point were distinctly rounded (Figure 43g). Other typical metal tool marks 
were distinct tear marks, appearing very similar to the much larger tear marks reported 
from moonmilk finger flutings (Figure 43h). Also, the ends of metal-made grooves differed 
from those of stone tools in being less irregularly shaped (Figure 431), and the markings of 
unbroken steel tools lacked longitudinal striations completely. 

The less than perfect results of these tests reflect the rigor of the exercise. In a practical 
situation, abraded markings on stone are much more extensive than the simple Arabic 
numbers 0 to 9 as used in both experiments. These numbers do provide various 
combinations of straight and curved elements, but they provide no sweeping long lines that 
offer much better diagnostic features. The latter render the task much easier, and future 
tests of this kind need to make allowance for this aspect. Secondly, in both tests the 
numbers of metal and stone point markings was roughly equal, whereas in a field situation 
this is quite different. We may reasonably estimate that only between 5% and at the most 
10% of archaeologically relevant engravings were made with metal tools. That means that 
percentage of false identifications would be reduced significantly in a field sample, 
certainly to well under 10%. Finally, it must be remembered that my expertise is limited 
and open to improvement, whereas a better trained analyst than I would likely achieve a 
success rate much closer to 100%. 

Nevertheless, these tests show that even under favorable conditions, a small percentage 
of misidentifications need to be expected. Therefore, there is room for improvement, and I 
feel that once again this is an issue to be resolved by tribology. The abrasive action of an 
engraver is always a tribological process, involving two surfaces in relative motion, of 
which one, the ‘tool’, is usually harder than the other. The same underlying principles apply 
as those we have encountered for machine parts, glacial ‘tools’, or the effects of animal 
claws on cave walls. Traceology thus becomes an aspect of tribology concerned with a 
specific group of tool applications. These are not at all limited to stone, but within 
archaeology are also commonly found on materials such as bone, ivory, teeth, ostrich 
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eggshell, mollusk shell, and amber. Although there are obvious variations in the material 
properties of such media, as well as in their relative preservation prospects and taphonomic 
susceptibilities, the underlying tribological rules are universal. If archaeological 
speculations are to be replaced with sound scientific principles, explanations need to 
commence with these universal laws of physics about the interactions of surfaces in relative 
motion. 


THE TRIBOLOGY OF BEADS 


The study of archaeological beads and pendants involves tribological phenomena of 
several discrete aspects. The perhaps most obvious is the perforation: how it was 
accomplished or enlarged. For some types of disc beads the fashioning of the 
circumference was by abrasion. Thirdly, an important aspect of some perforated finds in 
archaeology can be provided by wear traces within the perforation, where a suspending 
string has abraded material and produced specific patterns of wear. Similarly, some beads 
show wear on those surfaces that were in contact with other beads when arranged on strings 
and worn on the human body, rubbing against one another. Finally, the surfaces of many 
beads and pendants have been worn by the skin or apparel of those who used them for body 
decoration. All of these traces can and should be studied as tribological phenomena. 

For the sake of continuity and to define one of these five factors, I begin with the 
detailed analysis of a specimen from the above-mentioned small cave Devil’s Lair in 
southwestern Australia. One of the finds from that Late Pleistocene occupation site is a 
marl manuport of 55 mm maximal length and 18 g weight. Its petrography differs from that 
of the cave’s limestone and it is therefore assumed to have been brought from elsewhere, 
perhaps because of its odd shape and natural perforation. The 6.5-mm-diameter hole bears 
no indication whatsoever to indicate that it was drilled, enlarged, modified, or reamed in 
any way by human hand (Figure 44). However, microscopic examination of the inner 
surface of the perforation revealed the presence of four wear grooves (Bednarik 1997b). 
They are relatively shallow and range in maximum width from 310 um to 750 um (Figure 
45). One of them includes a well-rounded section of 225 um diameter. Very well preserved, 
this seems to indicate the approximate diameter of the suspending string. In examining 
Pleistocene pendants for use traces one focuses on the inside of the perforation opposite 
the object’s center of gravity because this is where wear traces are present if preserved. 

Marl is a calcium carbonate-rich mudstone containing variable amounts of clays and 
silts. Because it is easy to work, it has been used to create numerous items in Eurasian 
paleoart, such as the Willendorf No. 1 figurine and many of the Russian figurines and 
fragments thereof (e.g., 24 figurines from the two Avdeevo sites and many more from 
Kostenki 1). There are also numerous Paleolithic marl pendants known from Russia, 
especially the 30 from Avdeevo Staraya, 145 from Avdeevo Novaya, and others from 
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Kostenki, as well as many other objects of carved marl. Thus the use of marl for the 
production of ‘decorative’ or ‘artistic’ objects is well known from the late Pleistocene. 





Figure 44. Microphotograph of the perforation of the marl pendant from Devil’s Lair. The four wear 
grooves are visible. 





Figure 45. Detail of the four wear grooves on the Devil’s Lair marl pendant. 


Beads and pendants constitute a very major component of Ice Age paleoart, from the 
Acheulian tool traditions onwards. When Boucher de Perthes (1846) presented his seminal 
evidence from the gravels of the Somme basin in northern France, he offered essentially 
three propositions: that humans, based on the stratigraphy of the stone tools he had 
excavated, coexisted with Diluvial (Pleistocene) fauna; that these hand-axe makers used 
beads; and that they created figure-stones (pierres-figures). All three propositions were 
universally rejected by archaeology (consider the previously mentioned unanimous 
declaration of the 1858 Paris archaeology congress that all of Boucher de Perthes’ stone 
tools were a “collection of worthless pebbles”). The first was later grudgingly accepted 
under the weight of massive cumulative evidence, beginning with that provided by 
Prestwich (1859). The second proposition remains widely rejected or ignored (most 
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archaeologists seem unaware that people with Lower Paleolithic tool traditions made and 
used beads); the third is scorned by practically all archaeologists. But not only did Boucher 
de Perthes find stone beads with Acheulian tools, Prestwich also did: “Some specimens do 
certainly appear as though the hole had been enlarged and completed” (Prestwich 1859: 
52). He identified the finds incorrectly as “a small fossil sponge, the Coscinopora 
globularis, D’Orb.” Late in the 19th century, Smith (1894: 272-6) excavated about 200 
identical items from an Acheulian site at Bedford, England. He described these as being of 
the same species and showing identical artificial enlargement of the natural orifice. Smith 
was certain that his specimens were used as beads, but he made no mention of the French 
finds, which by that time had apparently been forgotten. His finding is therefore 
independent of the previous views. Much later again, Keeley (1980: 164) examined some 
of the English sample and confirmed that there is no doubt that the perforations were 
modified. 





Figure 46. Some of the 325 French and English Acheulian stone beads examined. 


In 2003 I examined a collection of 325 French and English stone beads in the Pitt 
Rivers Museum, Oxford (Bednarik 2005). They had been labelled Coscinopora globularis 
and collected at Acheulian sites before the early 20th century. I subjected them all to 
detailed microscopic study but focused on the best provenanced specimens, those from the 
Acheulian deposit of the Biddenham quarry at Bedford, England, and acquired by the Pitt 
Rivers Museum in 1910 (Figure 46). One of the first things to note is that all of these 
objects had been incorrectly identified since the 1850s. I demonstrated that they are in fact 
of the species Porosphaera globularis Phillips 1829, which is a Cretaceous sponge. The 
genus Coscinopora is a lychnisc hexactinellid sponge, for instance Coscinopora 
infundibuliformis Goldfuss 1833 is funnel or cup shaped, with a distinctive stem. It belongs 
to the order Lychniskida of the class Hyalospongea, whereas Porosphaera is of the 
Pharetronida, one of the two orders of the Calcispongea. Therefore, the species are not even 
closely related. However, despite its name even Porosphaera globularis is only rarely of 
truly globular shape; its specimens are of considerable morphological diversity. The 
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species occurs primarily in northern France, United Kingdom, Germany, Denmark, and 
Poland. 

Porosphaera globularis has been misidentified on other occasions, including as 
Achilleum globosum by Hagenow in 1839-40, and as both Ceriopora nuciformis and 
Achilleum globosum by Quenstedt in 1881. Its shape is not diagnostic, the species is 
recognized primarily by its surface and internal structure, consisting of radially arranged 
channels separated by sclerous, four-rayed carbonate walls of spicula (Figure 47). These 
channels connect to surface pores of about 200 microns width, which are evenly spaced 
but never closer than their own diameter. The channels converge at a central point, towards 
which their size decreases; they are straight and never join other channels. In their overall 
form, Porosphaera globularis range from a more or less spherical shape to that of a flat, 
polygonal pad. Notably globular specimens are uncommon, accounting for only about a 
quarter of all specimens. The fossil casts of the species offer no indication of former 
attachment. Their sizes vary from 1 mm to about 50 mm, the average of collected 
specimens (among which smallest sizes would be under-represented) being roughly 10 
mm. An important feature of Porosphaera globularis is that some specimens possess 
cylindrical tunnels of about 2 mm diameter that enter to various depths, ranging from mere 
indentations to nearly complete penetration. These tunnels are usually but not always fairly 
central, and there are occasional specimens with more than one such tunnel. After 
examining 2734 randomly collected specimens, Nestler (1961) reported that only 390 of 
them (14%) show any degree of tunnel development, and this confirms similar findings of 
other paleontologists. The cause of these tunnels has not been conclusively established but 
most likely they were bored by parasites. Serpulidae or gastropods capable of boring into 
the sponges’ hard structure probably secured protective shelters in this way. 





Figure 47. Two thin sections of Porosphaera globularis. (a) shows the radial channels of an undamaged 
specimen; in (b) a tunnel penetrates much of the interior (adapted from Nestler 1961). 


The significance of these observations is that the Acheulian finds I examined consist 
entirely of spherical specimens and that they are all fully perforated through their center, 
i.e., the tunnel has two entries. Since it is estimated that only 14% (maximal) of the natural 
specimens have any degree of tunneling, and only a small proportion of these, say, less 
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than one fifth, have tunnels penetrating to within 1 to 3 mm of the surface; and bearing 
further in mind that only about a quarter of the naturally occurring specimens are of 
reasonably spherical shape, it becomes evident that less than 0.7% of a natural random 
sample of Porosphaera globularis can be expected to have both the shape and the nearly 
full tunnel development which is present on all the Acheulian specimens known from 
England and France. When it is further considered that the Acheulian finds are mostly 
between 10 mm and 18 mm diameter, whereas a natural sample would include sizes from 
50 mm down to under 1 mm, with the smaller sizes probably greatly dominating, it 
becomes evident that the Acheulian sample is representative for perhaps 0.1% or 0.2% of 
a random sample (or one or two specimens among 1000). Moreover, such specimens that 
are fully perforated by natural agency alone are extremely rare, accounting for certainly 
far less than one per thousand. Breaking through the barrier at the far end of the tunnel 
would defeat the purpose of the parasite, so the only specimens that could have two natural 
openings would be the result of fluke natural processes. It is therefore statistically absurd 
to suggest that some form of natural selection could account for the Acheulian 
accumulations of numerous specimens of one size, complete perforation, and roundness. 
For instance, the sample of thirty beads collected at Les Boves, France, in 1884 was found 
“in small heaps in the drift”, which cannot reasonably be accounted for by any agency other 
than deliberate selection by hominins. Nevertheless, some archaeologists have tried to 
explain this evidence away, simply because they find it inconceivable that Lower 
Paleolithic hominins could have used beads (e.g., Rigaud 2006-2007; Rigaud et al. 2009). 
Thus the physical composition of the sample suffices to demonstrate that the beads 
from the Acheulian of St Acheul, Amiens, Soissons, Le Pecqu, and Paris in France; and 
from Biddenham, Limbury, and Leagrave in England can only have been accumulated by 
human agency. However, close examination of 325 of these thousands of finds provides 
further evidence in the form of tribological evidence. It comes in two forms. Many of the 
specimens bear traces of deliberate action to break through the barrier preventing the tunnel 
from having a second opening. Evidence of flaking and percussion or pressure damage 
occurs at the formerly closed end of the fossil’s tunnel on many specimens. Indication of 
reaming out of this aperture is also evident in some cases (Figure 48). These traces are 
always entirely limited to the area of the closed end of the tunnel. Besides reaming or 
pressure damage, some specimens display clear flaking scars around the opened aperture, 
showing that they were struck with some force in order to gain access to the tunnel in 
preparation of threading cordage through the bead. Some of these flake scars exhibit even 
the typical ripple patterns of silica stone fractured by spalling (Figure 49). The silicified 
fossils are as hard and brittle as chert or chalcedony. The form in which this damage occurs 
is distinctly anthropogenic and intentional, it occurs not random, it cannot reasonably be 
attributed to any natural process. In some cases, as many as six or seven impact flake scars 
can be clearly discerned, indicating the difficulties in removing the remaining wall at 
tunnels that stopped some millimeters from the surface opposite the original tunnel entry. 
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Figure 48. Microphotograph of the artificially enlarged orifice of one of the Bedford Acheulian beads. 





Figure 49. Flake scars at the closed end of the tunnel of one of the Bedford Acheulian beads. Five scars 
are clearly visible, No. 2 displays rippling typical of impact fractures on silica stone. 


Secondly, many of these beads possess distinctive wear facets where they rubbed 
against other beads while worn on strings. These facets formed around the tunnel openings, 
i.e., on the surfaces that would have been in contact with other beads had they been 
threaded on a string and subjected to long-term abrasive wear from neighboring beads 
(Figure 50). The facets range from small patches (Figure 50a, c) of abrasion damage to 
very extensive depressions (Figure 50d), in extreme cases covering much of the entire side 
surface of specimens (Figure 50b). The worn areas range from flat-angled to quite steep 
recesses of hemispherical shape. Their extent is always distinctly delineated. Some of these 
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deep wear facets are almost perfectly circular and central, so that the resulting concave ring 
of worn surface is evenly wide around the tunnel entry, while others are distinctly 
asymmetrical. Of particular interest are those specimens, usually rather small, that are 
distinctly wedge shaped when viewed perpendicular to the direction of the central tunnel 
(Figure 50b). They show the most non-symmetrical wear facets, evidently because if beads 
were worn as a necklace, i.e., forming a circle, there was inevitably more wear on the inside 
of a string’s loop (Figure 51d). Smaller beads were more affected by this and may have 
taken on a ‘keystone function’: the two wear facets are then distinctly non-parallel, so that 
the two tunnel orifices can both be seen from one perspective (from the center of the 
circular arrangement of the beads, presumably). This was necessary simply to 
accommodate the bulk of the fully spherical and larger beads, such as those perhaps added 
to a necklace at a later time (see Figure 51). 





Figure 50. Six Acheulian Porosphaera globularis beads showing different degrees of wear at tunnel 
opening, including major asymmetrical concave wear (b, d). 





Figure 51. Schematic depiction of: the initial beads before anthropogenic action (a); flaking to open the 
second tunnel entrance (b); heavy wear from rubbing against other, fresher beads for many years (c); 
and the outcome of beads of different ages on a string having been worn, some for very long periods of 
time. 


Archaeo-Tribology 117 


Unless discolored by the sediment, the P. glob. specimens are of the same buff color 
as the weathering rind or cortex on sedimentary silica (which is indeed what they consist 
of). The wear facets, however, are always of a notably lighter color, and significantly they 
never bear any taphonomic markings as found on the rest of the surfaces of these fossil 
casts. It is evident that all worn specimens were worn only in two areas: next to and 
surrounding the two tunnel openings. Only one type of tribological wear can account for 
such consistent wear patterning: the stones must have been arranged with their tunnels 
permanently aligned to be worn in this way. Such consistent wear patterns cannot be 
explained as natural phenomena; the beads can only have been subjected to this wear 
through hominin intervention. Contrary to the objections of some archaeologists, these 
fossil casts were certainly used as beads. The extreme wear on some of them suggests that 
they were used for very long durations, perhaps over generations. 





Figure 52. Late Acheulian beads of ostrich eggshell from El Greifa, Libya, replicates made with stone 
tools. 





Figure 53. Crinoid fossils from the Acheulian of Gesher Ya’ aqov, Israel, used as beads (courtesy 
Naama Goren-Inbar). 
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It is not even clear why the use of beads by people of Lower Paleolithic tool traditions 
has been questioned. After all, there are other beads from that technocomplex that are 
impossible to explain away as natural phenomena, such as the forty-three ostrich eggshell 
beads from El Greifa site E, in Wadi el Adjal, near Ubari, Libya (Bednarik 1997c, 2017; 
Ziegert 2010). They derive from a substantial Late Acheulian occupation deposit 
representing many millennia of apparently continuous hominin presence (Figure 52). The 
site is located on the shore of the huge former Fezzan Lake in the Sahara and boasts 
exceptionally good preservation conditions. The occupation occurred about 200 ka ago, 
according to uranium series and potassium-argon analysis. The Kathu Pan ostrich eggshell 
beads may even be older than those from El Greifa, if their OSL age of c. 290 ka is correct 
(Beaumont 1990; Porat et al. 2010). Well-made and perfectly circular eggshell beads with 
central perforations are not created by any known natural process—however much 
archaeologists may be inclined to reject the tribological proof, and for whatever nebulous 
reason. Of particular interest are the disc beads from the Acheulian site Gesher Ya’aqov in 
Israel (Goren-Inbar et al. 1991). Like the stone beads of northern France and England, they 
are of silicified fossil casts, although of a crinoid (Millericrinus sp.). But the heavy wear 
traces on the flat sides of one of them (Figure 53) derive almost certainly from the same 
tribological effect as the deep wear traces on the Porosphaera globularis specimens 
described above. This Israeli specimen, too, must have been worn for a very prolonged 
period of time to experience such extensive abrasion. 

Other relevant finds are the two perforated items from one of the occupation layers in 
the Repolusthohle in the Austrian Alps. A wolf incisor (Figure 54) and a flaked bone point 
occurred together with a large but non-diagnostic stone tool assemblage (Mottl 1951). The 
industry is variously described as Levalloisian, Tayacian, and Clactonian, three rather 
vaguely defined Lower Paleolithic traditions. It is separated from an overlying Aurignacian 
by cold-period sediment layers. There is no radiometric or other dating available, but the 
accompanying faunal remains imply an age of about 300 ka, especially through the 
relatively reliable phylogeny of the bear remains. The tribological evidence provided by 
the very competently made perforation of the wolf s tooth, which d’Errico and Villa (1997) 
explained away as the result of carnivore gnawing, shows that the perforation has been 
worn extensively by a suspending string. 

Contrary to the views of d’Errico and others, there is ample evidence of Lower 
Paleolithic production and use of beads and pendants. Once again, the tribological evidence 
is of great importance in considering these phenomena, and a good deal of analytical work 
has been done on Pleistocene artifact perforations and their patterns of wear since 
Semenov’s (1964: 74-83) seminal work. He described the manufacture of nephrite rings 
in Siberia many decades before the astonishing 2017 discovery of a green chlorite bracelet 
made by Denisovans probably more than 50,000 years ago (Figure 55). With such 
stunningly developed workmanship being possible with a Mode 3 technology of robust 
humans, the earlier skilled drilling through a wolf’s tooth is entirely reasonable. After all, 


Archaeo-Tribology 119 


the manufacture of a perfectly shaped fragile stone bracelet demands the use of the very 
advanced apparatus Semenov describes (1964: Figure 25.11), indicating that the ancients 
were technologically far more advanced than archaeologists generally give them credit for. 
Their reluctance to concede to the ancients the technological competence to modify 
naturally available beads, or the cognitive competence to use symbolic exograms such as 
beads, derives from the replacement hypothesis, the ‘African Eve’ hoax (Bednarik 2008a), 
according to which all hominins prior to Eve’s descendants were too primitive for this. 
Although this preposterous and obsolete hypothesis is now refuted, its vestiges seem almost 
impossible to eradicate in world archaeology. Bearing in mind that self-awareness, 
necessary for the invention of beads, has always been at the disposal of hominins and that 
chimpanzees have shown incipient behavior suggestive of body decoration, the 
prerequisites for bead use have always been at the disposal of all human species. 





Figure 55. Fragment of green chlorite bracelet made by Denisovans, Denisova Cave, Siberia. 
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A constructive approach to the issue is the replicative study of bead production. It 
facilitates a better understanding of the technological issues involved; it provides testable 
information about the cognitive faculties commensurate with a specific chaine opératoire; 
and it helps in establishing the associated tribology. We have just noted that ostrich 
eggshell beads are among the earliest such artifacts we know of, but they have been made 
and used in numerous subsequent cultural traditions, all the way up to present times in 
southern Africa. The earliest known ostrich eggshell beads in South Africa are a few 
specimens from Stratum 3 of Kathu Pan, found with MSA (Middle Stone Age) lithics 
(Beaumont 1990). The OSL date of c. 290 ka for this deposit (Porat et al. 2010) should be 
regarded as provisional; however, if correct it would render these older than the Acheulian 
specimens from Libya, as noted (Bednarik 2017). The broken 3 cm ostrich eggshell disc 
with central perforation from Cave of Hearths, north-eastern South Africa, is dated at c. 70 
ka ago (Mason 1962, 1988; Miller et al. 1992; Jacobs et al. 2008). Similar beads were 
excavated from three different levels in Bushman Rock Shelter (Plug 1982), the middle 
one of which is 'C dated to >57 ka BP (Vogel 1969; Plug 1981). One single ostrich eggshell 
bead comes from a MSA horizon in Boomplaas Cave, southern South Africa (Deacon 
1984, 1995), dated to 42-44 ka ago (Fairhall et al. 1976; Miller et al. 1999; Vogel 2001). 
Two more ostrich eggshell beads as well as several fragments of them were found in an 
undated MSA deposit in Loiyangalani River valley, in the Serengeti National Park, 
Tanzania. 

The African LSA (Later Stone Age) has yielded ostrich eggshell beads from various 
layers of Mumba Shelter, central Tanzania, beginning c. 52 ka ago (Diez-Martin et al. 
2009; McBrearty and Brooks 2000). Further up in the deposit, numerous beads date to c. 
34-37 ka ago (McBrearty and Brooks 2000; Gliganic et al. 2012). The seventeen complete 
or fragmentary ostrich eggshell beads found in the LSA deposits of Border Cave are 42— 
44 ka old (Griin and Beaumont 2001; d’Errico et al. 2012). The ostrich eggshell bead- 
making evidence in the form of 25 finished or partly made beads in Enkapune Ya Muto 
Shelter, central Kenya, is between 41 and 44 ka old (Ambrose 1998). A few finished beads 
and some preforms from White Paintings Shelter occurred in a deposit dated to 30-37 ka, 
but when two of them were directly dated, one yielded an age of 35 ka, the other 42 ka BP 
(Robbins et al. 2000). At Kisese II Shelter, central Tanzania, ostrich eggshell beads 
occurred at all LSA levels subsequent to 35 ka ago (Beaumont and Vogel 1972). Kathu 
Pan 5 also produced such beads from throughout its LSA occupation evidence (Beaumont 
1990). At Heuningneskrans Shelter, north-eastern South Africa, four beads are c. 43 ka old; 
another one derives from the c. 23-ka-old stratum (Beaumont 1981; Miller et al. 1992). 
And Sehonghong Shelter in eastern Lesotho yielded two ostrich eggshell beads from the 
lowest LSA level, dated to c. 21-24 ka ago (Carter and Vogel 1974; Mitchell 1995, 1996). 
In Namibia, Wendt (1972, 1976) reported such beads from periods ranging from 22 ka ago 
to the present time. Ostrich eggshell beads were also made throughout the Holocene in 
various parts of southern Africa, right up to the 20th century in some cases (Bleek 1928; 
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Dunn 1931; Forde 1934; Clark 1959; Silberbauer 1965). The Capsian is an Epipaleolithic 
blade and burin industry in northern Algeria and Tunisia, dating from the first half of the 
Holocene. It includes not only numerous figurative and non-figurative engravings on 
ostrich eggshell fragments (Camps-Fabrer 1966), but also beads of it as well as of snail 
shells, teeth and small stones (Camps-Fabrer 1975). Almost any excavation of major 
Capsian deposits produces ostrich eggshell beads. Toward the upper end of the time scale, 
they are found in the Smithfield B, a tool complex of the southern Africa’s interior regions 
of the 14th to 17th centuries CE (Hirschberg 1966). 

Ostrich eggshell beads are also known from Asia, although in smaller numbers. The 
oldest known specimen is from Shuidonggou Locality 1 in Lingwu County, Ningxia Hui 
Autonomous Region in China. Its lithic industry is transitional between Mode 3 and 4 
typologies, and credible datings range from 34 to 38 ka (Chen et al. 1984; Liu et al. 2009; 
Fei et al. 2012). Disc beads of ostrich eggshell occur also in the nearby Gobi Desert as 
surface finds and are attributed to the final Paleolithic industry exemplified at the 
Epipaleolithic or perhaps Mesolithic site Shubarak-usu. Its tradition, typically of non- 
geometric microliths, is not dated but seems to precede the local Neolithic (Bednarik and 
You 1991). Ostrich eggshell beads have also been reported from southern Siberia, at 
Krasnyi Yar, Trans-Baykal, and at Hutouliang in Inner Mongolia, China (Bednarik 1994c). 
There are no such finds on record from the Arabian Peninsula, where the ostrich survived 
until the 19th century. However, India has provided a few specimens (Kumar et al. 1988). 
Two are from Bhimbetka, south of Bhopal, and three from Patne, Maharashtra. Two of the 
latter are not perforated, although one is centrally scored. Of interest is also the fragment 
of a circular disc of ostrich eggshell with smoothed margin from Nagda that has been 
suggested to be of the earliest Upper Paleolithic. This object is >31 ka old. 
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Figure 56. Ostrich eggshell fragments with central perforation, untrimmed. 
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Between 1990 and 1996 I conducted numerous experiments to determine the 
technological processes involved in the production of ostrich eggshell beads. 
Reconstructing the production processes of creating them from an examination of their 
physical properties is relatively easy. The raw material is of unusually consistent pro- 
perties: the shell thickness is uniform, as is the three-layered morphology of the shell 
(described in detail by Sahni et al. 1990). The only significant material variable is 
attributable to the shell’s curvature, which is of a smaller radius at the ends of the egg than 
along the sides. The following serves to illustrate how tribological observations can inform 
replication experiments. The manufacture procedure used followed a specific pattern as 
demanded by the morphology and dimensions of the end product and the nature of the 
stone implements available at the time in question. For instance, I found it difficult and 
uneconomical to first shape the bead and then drill it; and that it was marginally easier to 
drill from the concave side than from the convex. Once drained of its contents, an ostrich 
egg was dried and the shell broken into fragments. These were then reduced further, into 
polygonal pieces of about 1—2 cm? area. This was done by carefully breaking the shell 
between fingers, probing for already existing weaknesses. The small fragments were then 
drilled individually, which is a little more difficult than drilling into the complete egg. An 
experienced operator takes between 70 and 145 seconds (mean 121 secs, n=11) to perforate 
the dry shell from one side. I consider that I became an ‘experienced operator’ after 
attempting to produce 25 or 30 beads, and quantitative production details reported here 
refer only to subsequent work. No significant differences in drilling time were noted 
according to direction (from outside or inside), but the outer veneer (< 0.1 mm; Sahni et al. 
1990) is somewhat harder to start from and is of course of convex surface, so I came to 
prefer the concave ‘mammilary’ innermost layer to start drilling from. Contrary to various 
opinions stated, I do not believe that ostrich eggshell beads were usually drilled from both 
directions, as it is very difficult to meet up with the center of the first indentation. It is much 
easier to ream out the opening once the boring tool has broken through, using the point of 
a thin prismatic sliver of chert (Figure 56). 

I also drilled shell fragments soaked in water for 24 hours, taking from 80 to 140 
seconds (mean 118 secs, n=11), which suggests that this does not affect workability of the 
shell. The principal variable in drilling time is clearly the quality of the stone tool point, 
and this can vary considerably. I used a variety of stone materials, including 
cryptocrystalline flint, microcrystalline cherts of various types, chalcedony, coarse and fine 
quartzites, and quartz crystal. I also tried out a variety of tool morphologies, finding that 
thin points became blunt very quickly, as did finely-grained materials. Nevertheless, all 
materials I used necessitated the application of two or more points to produce a single 
perforation economically, so the time of making or resharpening borers has to be added to 
production time. Stout angular points on flakes or blades of 1—2 mm thickness at their end 
were found to be the most effective, and excessive pressure is counterproductive. 
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Figure 57. Bead roughs after trimming, ready to be ground. 


Once the perforation is complete it is reamed out from the other (convex or outer) side, 
using slender bladelets or prismatic points, which may be quite fragile. The duration of this 
process depends on the desired hole diameter, but in about one minute an even diameter of 
around 2 mm, eliminating much of the conical aperture, can be attained. It is clear from my 
work that the three perforated beads of the Indian Upper Paleolithic were reamed out by 
alternating rotation of the borer: this usually results in a slightly oblong perforation, as 
already noted by Semenov (1964: 78) in drilling through other materials with stone tools. 
Before commencing the abrading of the still angular fragment, the excess area is trimmed 
off by gripping the piece firmly between two fingers in the area that is to form the final 
bead, and pressing its convex side against a stone surface. Alternatively, one’s teeth can be 
used as a vice in this, as has been ethnographically observed among the San/Bushmen of 
southern Africa. This process of snapping off small angular fragments until the actual bead 
blank is obtained (Figure 57) requires skill and judgment: if the bead is incorrectly held or 
handled, it can easily crack through the perforation. The mean time of the trimming process 
is 34 seconds. 

Grinding the excess material from the fragment’s edge is easy, although very 
demanding on the operator’s finger tips. I found it convenient to divide this process into 
two steps, first grinding the bead blank into a roughly circular shape of under 10 mm, 
resembling the Patne specimen. This requires between 65 and 270 seconds (mean 217 secs, 
n=12), the duration being related directly to the amount of excess material to be removed. 
Siliceous sandstone, silcrete or quartzite provide excellent grinding surfaces, and an 
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experienced craftsman should not break any pieces in this process (Figure 58). In 
attempting to replicate the Acheulian specimens from El Greifa, I found that I had to further 
refine the product of the last step. It takes between 580 and 645 seconds to reduce the <10 
mm beads to almost perfectly round specimens of about 6 mm diameter (mean 618 secs, 
n=12). On this basis we can estimate that the time it took to produce one of the El Greifa 
ostrich eggshell beads, assuming that the maker was a skilled craftsman, was in the order 
of 17 minutes, or about 25 minutes if we include the time of preparing and resharpening 
stone points (Figure 59). 





Figure 58. Replicative ostrich eggshell beads ground to just under 20 mm diameter. 





Figure 59. Beads further reduced to c. 6 mm diameter, matching those of the Acheulian at El Greifa. 
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Both the beads and the stone tools used in their manufacture were examined under a 
stereoscopic optical microscope at low and medium magnifications. The information thus 
gained is not only useful in the microscopic study of pre-Historic bead specimens and stone 
borers, it also explained the surprisingly rapid blunting I experienced with the stone tools. 
Expecting to find significant microscopic spalling on working edges, I observed that the 
‘blunting’ of borers was not so much due to wear, but mostly due to clogging up of recesses 
with highly compacted calcium carbonate. Nevertheless, a characteristic type of wear sheen 
was also noted on the edges at the point of many tools. The ground and powdered eggshell 
material was also examined carefully, and was found to contain surprisingly large chips of 
eggshell layer, commonly measuring 0.1—0.5 mm, but in rare cases of up to 1.8 mm length. 
However, over half the volume of the white powder is of much smaller grainsize, most of 
it being 2-20 um. Differences in its composition were noted according to the stone type 
used: a gritty siliceous sandstone and a silcrete produced material of slightly different 
cumulative grain size distribution curves than a dense central Indian quartzite (Figure 60). 





Figure 60. Some of the stone tools used in making replicas of ancient ostrich eggshell beads. 


One of the main findings of these replication experiments is that the smallest size such 
a bead can realistically be ground down to is about 6 mm diameter. As the diameter of the 
central hole can be no smaller than 1.4 to 2.0 mm, it follows that the bead’s fragility 
increases exponentially as the outside diameter of 6 mm is approached. Controlled 
destruction experiments have shown that this is the smallest size at which the bead remains 
structurally strong enough to withstand moderately rough handling. Significantly, the 
Acheulian ostrich eggshell beads are about 6 mm diameter, and they are exceptionally well 
made, with the perforation perfectly central. A larger bead would involve far less 
investment of labor and would also be more visible. Nor is it necessary that the hole be 
central and the rim of even width. The Acheulian beads are exceptionally well made, with 
a near-perfect circular outer margin and an equally perfect rim thickness all around. In my 
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replication work I found that these precise forms can be achieved only deliberately, by 
constant checking of the shape during the final abrading phase. It is practically impossible 
to obtain such a perfect round shape and centrality of perforation by accident. This means 
that the makers had not just a well-developed sense of symmetry; they had a clearly defined 
concept of the perfect geometric form they aspired to. Therefore, it can be assumed that 
there is some special significance in this perfection, this self-conscious display of ability. 
The perfection itself expresses it; it is itself a symbol. Not only does the product no doubt 
have one or more cultural meanings of a kind that will remain inaccessible to us, one 
meaning is not: the beads express perfection, technological confidence and competence. 
They communicate the skilled use of a technology taken to its very limits. 

The described manufacturing process is the most likely used, given the technology 
available to the people of Acheulian tradition, and as it was deduced from the physical 
characteristics of the sample. The second method of making such beads, called the heishi 
technique, was apparently not used in these early times. In that method, ethnographically 
observed, the prepared broken and drilled shell fragments were threaded onto a rod and a 
number of them were abraded together. To prevent their cracking from the pressure 
applied, each bead was separated from the others by similarly sized discs of animal hide 
(Dunn 1931) or soft bark (Clark 1959; cf. Francis 1982a, 1982b, 1989). 

Perforations in archaeological or ethnographic material culture are not limited to those 
of beads and pendants, nor have I attempted to relate here all the specimens I have 
examined. For instance, little has been said here about the perforations in stone, gastropod 
or mollusk shells, ivory, bone, or teeth (but see, e.g., Bednarik and You 1991; Marshack 
1991; Bednarik 2008b). Since most early social signifiers such as beads are likely to have 
been made of perishable materials or of naturally perforated items (small vertebrae, ear 
bones, naturally perforated shells, etc.), the available record must be extremely skewed by 
taphonomy. This is well illustrated by the observation that one single site in Russia, of an 
Early Upper Paleolithic tradition with distinctive Middle Paleolithic roots (the Streletskian, 
resembling the Szeletian), has yielded more beads from just three burials than the 
remaining Pleistocene of the entire world. The three interments at Sungir, perhaps in the 
order of 28 ka old (but quite possible older), yielded 13,113 tiny, laboriously made ivory 
beads and more than 250 perforated fox teeth (Bader 1978). This provides an inkling of 
how incredibly distorted the archaeological record must be assumed to be. 

At least there is little controversy concerning the identification of beads. Small objects, 
drilled through with stone tools, could only be beads/pendants, or they could be small 
utilitarian objects such as buckles or pulling handles, or quangings (pulling handles used 
in sealing) as those used by the Inuit (Boas 1888: Figures 15, 17, 121d; Nelson 1899: Pl. 
17; Kroeber 1900: Figure 8). Such utilitarian objects are generally of distinctive shape, use- 
wear, and material; they need to be very robust. Any such object that is too fragile or too 
small to be ‘utilitarian’ can be assumed to be a bead: teeth carefully perforated at their roots 
were simply not used as quangings or pulling handles. Beads and pendants were primarily 
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non-utilitarian. Beads, whether sewn on apparel (as presumably at Sungir) or worn on 
strings, have symbolic meanings that are far removed from simplistic Western empiricism. 
They, or pendants, may for instance be protective, warding off evil spirits or spells, or they 
can be good luck charms. They can signify status, and convey complex social, economic, 
emblemic, ethnic, or ideological meanings, or any subtle combinations of them. Their 
meanings can be public or private, but they may be difficult to convey to an alien 
researcher, and they could never be analyzed archaeologically. How would an interstellar 
visitor interpret the carved ivory figurines of an incomplete chess set? If his anthropology 
were as simplistic as ours he may well explain its knights as evidence of an equine cult. It 
is at this level that most interpreting of Pleistocene symbolism has occurred, which I find 
unsatisfactory. 

Before moving on to the next topic, let us briefly summarize the beads, pendants, or 
generally ‘ornamental’ items made of materials other than ostrich eggshell. These include 
limestone, schist, talcum-schist, steatite, teeth, bone, antler, pyrite, hematite, lignite, jet, 
fossil belemnite, fossil coral, contemporary and fossil specimens of marine and freshwater 
shells, and ivory. For instance, ivory beads of just one tradition, the Aurignacian industries, 
have been reported from France (Abris Blanchard, Castanet, Souquette, Isturitz, Saint- 
Jean-de-Verges), Germany (e.g., GeiBenklodsterle), and Belgium (Spy, Goyet), while 
Russia (Sungir, Kostenki 17) has provided similar evidence from other traditions of the 
transition from Middle to Upper Paleolithic modes of production. Many of these beads and 
their production sequences have been described by White (1992). Shell beads are among 
the earliest ‘ornaments’ found in many regions, including India (Francis 1981: 140), China 
(Cheng 1959: 31), Australia (Morse 1993), South Africa (Henshilwood et al. 2004), 
Morocco (Bouzouggar et al. 2007), and Algeria (McBrearty and Brooks 2000); and one of 
the earliest pendants of Europe, from the Chatelperronian of the Neanderthals, is even made 
of a fossil cast of a shell (Bednarik 1995a: Figure 6). Stone beads of the Pleistocene have 
been reported from Russia (e.g., Kostenki 17), China and Japan (Bednarik 1994c). All of 
these many thousands of beads of the Ice Age were produced by tribological processes, 
and their effective scientific study is by the discipline of tribology. 


THE TRIBOLOGY OF ANTHROPOGENIC PHENOMENA 


Beads, however, are only a small part of the archaeological gamut of ‘material culture’ 
that can effectively be subjected to tribological analysis. The range of objects archaeology 
studies consists overwhelmingly of the products of abrasive or percussive processes, or of 
other practices of volume reduction. They all involve ‘interacting surfaces in relative 
motion’, and the operative science of the modifications they have been subjected to is in 
the final analysis tribology. For instance, all of rock art was created by such procedures, 
and we will examine them in detail in the next Chapter. Practically all of work processes 
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involving artifacts of the Pleistocene period are ultimately explainable by tribology. It is 
only with the introduction first of ceramics and later of metals that non-tribological 
processes become more widely involved in the creation of material culture. The surviving 
artifacts of all hunter and forager economies in human history were almost exclusively 
created by percussion, abrasion, carving, drilling, whittling, polishing, scratching, or 
rasping. The few exceptions concern the use of resinous or similar substances and of 
cordage, which remain inadequately explored due to taphonomic constraints. Even during 
the Holocene, most study objects of archaeology still involve tribological processes in both 
their production and their use as tools. Consider, for instance, the production of rock 
inscriptions; the hewing of rock for structures ranging from Incan stone walls to pyramids, 
fortifications or temples; the crushing or abrading of pigment for coloring objects and 
human bodies. And then there is the seemingly endless list of materials worked for much 
of human history, especially wood, bone, antler, and ivory. 

The ubiquity of tribology in archaeological interpretations can be illustrated with my 
First Mariners Project. This venture is the largest replication project ever undertaken in 
archaeology. Commenced in 1996, it has so far involved more than one thousand people 
in various capacities (Bednarik 2015: v). It has resulted in almost fifty academic articles 
and a few books, and has generated several television documentaries. Its central purpose is 
to establish the Pleistocene origins of seafaring (http://www.ifrao.com/the-first-mariners- 





project/), which it does by conducting archaeological studies, especially in key regions of 
Indonesia, and by undertaking replicative expeditions in various parts of the world. The 
core purpose of this work is to determine the minimum technological requirements to cross 
certain sea barriers known to have been successfully breached by hominin groups during 
the Ice Age. This involves the construction of watercraft with tools and from materials 
available to the people known to have crossed these barriers. It is then attempted to navigate 
these sea straits with the rafts thus created, thereby establishing at what point the 
technology is adequate to succeed in transferring genetically adequate numbers of people 
to found viable new populations. Such colonization attempts can only result in 
archaeological visibility if they are successful and result in a long-term human presence. 
No physical evidence of Pleistocene seafaring has ever been reported, nor have we any 
credible depictions of watercraft in the rock art or portable art of the Ice Age. Direct 
archaeological evidence of navigation peters out between 10,500 and 8,000 years ago 
(Bednarik 1997d), with finds from Germany, Holland, France, Italy, Denmark, Northern 
Ireland, China, and Chad (Tang et al. 2016) being among the oldest. However, indirect 
evidence of maritime travel occurs in a variety of forms: as human occupation evidence, 
human remains, rock art, human footprints, or as exotic materials found in the archaeology 
of islands or continents that were never connected to another landmass since humans first 
appeared. Such indications dating to Lower Paleolithic times occur in several world 
regions: first at many sites on three islands of Nusa Tenggara in Indonesia (Flores, Timor, 
and Roti), where the earliest occupation evidence has been dated to between 850 ka and 
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one million years ago; at Crete, Gavros and possibly Sardinia in the Mediterranean; and 
apparently on Socotra off the Horn of Africa. Middle Paleolithic or Mode 3 colonizations 
by sea are demonstrated in the Mediterranean, in Australia, and on several islands near 
Australia that could only be reached by crossing up to 180 km of open sea. Therefore, the 
seafaring abilities of robust humans, ranging from Homo erectus to Homo sapiens 
neanderthalensis, have been severely misjudged by archaeologists who believe they were 
too primitive to navigate the oceans (Bednarik 2015). In reality, archaeology knows 
virtually nothing about the coastal people of the Pleistocene, because successive sea-level 
rises during interglacials and interstadials obliterated all traces of them. What needs to be 
appreciated is that about half the population of any period of the Ice Age lived within zones 
that became inundated every time the sea rose to its maximum level. They were the more 
developed, more sedentary part of humanity, and yet archaeology cannot know anything at 
all about them. This is a fair indication how tentative and skewed its narrative of the 
Pleistocene must be assumed to be. So all we can know about these more advanced and 
settled people of the richest eco-zones derives from indirect evidence we can secure about 
their effects on human history. The most comprehensive information of this kind we can 
hope to secure concerns their seafaring ability, their competence in colonizing new lands. 
And all we can hope to know about that is what replicative experimentation may imply. 

The seafaring expeditions of the First Mariners Project involve numerous materials, 
not only for constructing primitive rafts with stone tools, but also for related equipment. 
All of it has to be procured and produced for its task, always by tribological work processes. 
All of these leave traces on both the tools and the materials being worked. These are being 
studied in great detail by traceology and microwear analyses. Broadly speaking, there are 
two forms of replication in archaeology, which I call product-targeted and result-targeted. 
The more reliable and usually easier procedure is the former, in which one endeavors to 
copy an archaeologically demonstrated physical result, generally an artifact that is to hand. 
One identifies all its quantifiable variables, such as material type, form, surface striations, 
wear traces, damage, and so forth; and then determines experimentally how they can most 
readily be duplicated, using the tools and materials of the time in question. For instance, 
one might start with a Middle Paleolithic bone harpoon and, having determined all its 
physical attributes (particularly at the microscopic scale), acquire some freshly butchered 
bones of a similar species, and work them with stone replicate Middle Palaeolithic (Mode 
3) tools until one arrives at a product precisely matching the archaeological specimen. This 
determines how the harpoon was probably made and how long it took to make it, and can 
establish how it may have been used to acquire the microscopic wear traces or damage the 
original specimen exhibits. A great deal can be learnt from such work, vastly exceeding 
both the validity and veracity of what mere speculative examination of the same specimen 
might induce us to believe. 
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Result-targeted replication, on the other hand, is less straightforward and may involve 
considerably greater efforts. Here, the artifacts or strategies involved are unknown, as no 
physical trace of them has survived. Essentially, one begins with a result credible research 
has determined—such as, for example, the first appearance of humans in Australia, perhaps 
in the order of 60 ka ago. We also have testable propositions about the approximate 
locations of shores at that time because the effects of past sea level fluctuations are known. 
We may even reasonably speculate about the prevailing current and wind directions. But 
in the absence of any hard physical evidence of how the necessary sea crossings were 
accomplished, traditional archaeology can go no further. In result-targeted replication we 
begin by deconstructing the demonstrated phenomenon (e.g., that humans did cross to 
Australia, as demonstrated by the remains of about 200 Pleistocene hominins, by artifacts, 
hearths, preserved human tracks, and rock art) to identify those crucial variables 
archaeology cannot account for. These then need to be examined empirically to enable their 
quantification, and this is done by systematic replication work. The greater the number of 
variables or determinants one can account for in this fashion, the greater the confidence in 
the eventual outcome of this procedure. 

Once the crucial variables can be adequately quantified, a framework of probability is 
derived from them, which permits the testing of propositions. While this will always 
involve uncertainties; these can be greatly minimized by rigor, and all stages of the 
procedure can remain scientific. Each step is accessible to falsification, as one can always 
attempt a more parsimonious explanation of the data available, or by providing new data. 
The principal shortcoming of this approach is that the most ‘sensible’, economic, or logical 
course of action in our scenario was not necessarily the one actually taken by the original 
actors. However, in matters to do with human survival, as would be the case in pioneering 
sea journeys, this potential error factor is itself severely bounded by the limits of choice 
and survivability. Moreover, we are not entirely without information about the level of 
technology available to the humans concerned. 

The First Mariners Project involves both product-targeted and result-targeted 
replication studies. Among the former are the production of thousands of stone implements 
and a series of bone harpoons, and the study of wear and use traces. Result-targeted 
replication work includes the most archaic methods of making fire and using them on a raft 
(Figure 61), making and using fish spears, the felling and treatment of bamboo, wood 
working with stone tool replicas, the storing and transport of water and food rations, 
experimentation with various types of utensils, the use of stone tools in constructing and 
repairing rafts, the harpooning of fish for sustenance, the gutting of fish and food 
preparation, the making of experimental raft models, and the sailing of various full-scale 
models under a range of conditions. The project has involved many other aspects, 
especially land-based archaeological, sedimentological, paleontological, and geological 
research in Wallacea. 
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Figure 61. Experimental bamboo raft constructed with stone tools travelling off the southern coast of 
Flores. 


Product-Targeted Replication 


An example of a product-targeted experiment is the replication of pre-Upper 
Paleolithic bone harpoon points, to be used in harpooning fish at sea on rafts built with 
Middle Paleolithic tools and attempting sea crossings known to have been undertaken by 
people of Middle Paleolithic technology. We have several such objects from the Middle 
Stone Age site of Katanda, Zaire (Figure 62), which are between 150,000 and 50,000 years 
old (Brooks et al. 1995; Yellen et al. 1995); and one from the Ngandong site, Java, with 
barbs on both sides and of unknown Pleistocene age (but possibly older than the Katanda 
specimens; Narr 1966; Santa Luca 1980; Bartstra 1988). They would have been made from 
‘green’ long bones of suitable sizes, and with stone implements of the kind used at the time 
in question, so we know (1) the basic conditions of the experiment and (2) what the 
outcome must resemble. The controlled replication of these objects is a fairly 
straightforward experiment, offering the opportunity to appreciate many aspects of the 
technology involved. Figure 63 depicts some of the harpoon blanks I made from freshly 
butchered ovicaprine leg bones, and Figure 64 presents two finished harpoon replicas I 
produced with stone tools—some of the eleven bone harpoons I made in one experiment. 
The larger specimen in Figure 64 took four days to make. Such objects and the tools used 
in making them are then studied in detail, to learn distinguishing the tool material of the 
stone implements used from the striation marks (micro-wear analysis) and search for 
material residue traces. The objective is not only to determine how, using relevant stone 
tools, the known final product can be replicated, but also to provide feed-back intended to 
help in understanding various aspects of the technology concerned. 
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Figure 63. Bone harpoon blanks created for replication experiments. 
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Figure 64. Two of the eleven replicated bone harpoons produced experimentally, using only stone tools. 
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The same underlying principles can be used to recreate practically any pre-Historic 
artifact, and I have reproduced numerous classes of artifacts under controlled conditions, 
ranging from ostrich eggshell disc beads weighing a fraction of a gram to hand-axes of 
some kilograms, from rock art to butchering marks. Such work can produce surprisingly 
detailed insights into issues well beyond mere technology, for instance into very early 
cultural value systems or cognitive sophistication, particularly in the case of non-utilitarian 
artefacts (Bednarik 1997e). Moreover, all of it is open to tribological analysis. 


Result-Targeted Replication 


In the case of reconstructing how hominins may have crossed from Wallacea (the 
islands east of the Wallace Line) to Sahul (Greater Australia), the principal artifacts 
involved, the watercraft, are archaeologically absent, and the reliable, albeit very 
fragmentary, information at our disposal is limited to the general technology at the time, 
and the kinds of resources likely to have been available. There are also a number of 
theoretical considerations possible, concerning the minimum sizes of such seafaring groups 
and their chances of achieving long-term settlement (McArthur et al. 1976; Birdsell 1977), 
or the economics of such journeys (Butlin 1993). But ultimately, the credibility of such 
replication attempts depends on their rigor in comprehensiveness and integrity. 

A successful Pleistocene crossing of a sea barrier involves a large number of variables 
archaeology cannot account for: type of vessel, its construction and size, propelling force, 
maneuverability, the actual distance travelled (as distinct from shortest shore to shore 
distance), currents and wind directions at the time. Other variables may appear to be more 
narrowly defined, but on closer examination we may have to admit that our reliable 
knowledge is less than we might have thought. For instance, we might think that we can 
reasonably speculate about the availability of food preservation technology, or the means 
of storing drinking water, but in reality archaeology has provided such inadequate or quite 
probably distorted notions about the technology at the time in question that its models 
would have to be suspect. The currently dominant ideas about Middle Paleolithic 
technology and culture are not only false; they should be expected to be false, because of 
the faulty epistemology applied (Bednarik 1995b) and the neglect of taphonomic logic in 
the formulation of constructs of the cultures concerned (Bednarik 1994b). But even the 
most straightforward speculations archaeology can provide about relevant variables may 
be futile on close examination. For instance, the literature offers many statements on the 
distance the first colonizers of Australia travelled, most of which are based on the shortest 
distance at the lowest sea level. We do not know at what time first landfall occurred, we 
merely have hypotheses; we do not know the true sea level at any given time in the 
Pleistocene, we have hypotheses (e.g., Chappell 1993); people neither knew when the sea 
level was lowest, nor where their destination precisely lay; and most importantly, however 
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Pleistocene vessels were constructed, they were presumably not capable of navigating 
across current, wave and wind directions. The purported ‘shortest’ distances quoted in this 
context are irrelevant; the distance any colonizers had to travel from Timor or Roti to 
Australia, the most likely route there, was somewhere between 250 and 900 km, at any 
Pleistocene sea level. Even at the time Torres Strait was closed, the monsoons and the wave 
direction (dominated by the Indian Ocean) would have probably forced an ESE course. 
Similarly, there are no good reasons to assume that the crossing must have occurred during 
lowest sea level, considerations other than distance are clearly more important to the 
probability of success. These include the types of coasts on both sides (at the point of 
departure, the coast determines the type of economy; at the point of arrival it may well 
determine the success of settlement), the level of marine technology available, the ability 
to plan such expeditions and to prepare adequately for them, and the strength of the 
motivation to attempt such crossings. 





Figure 65. The author working bamboo with Lower Paleolithic-type stone choppers, with a raft under 
construction in the background. 


In view of the lack of reliability of archaeological speculations about this topic it would 
be prudent to cast the net wide for quantifiable variables, and to account for as many of 
them as possible. To render them quantifiable involves replication on a large scale: 
different types of rafts, of varying dimensions, construction, weight, rigging; travelling and 
carrying capacities under different conditions (e.g., speed versus wind sail areas or drag); 
determining the means of constructing rafts, including the sourcing of materials required; 
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the means of procuring, processing, storing and replenishing food; the means of storing 
drinking water on board; the equipment and artefacts used; the technologies involved in all 
these requirements; the physical and mental performance of seafarers under conditions of 
stress and anxiety; the relative effects of wind, current and wave action; and the 
consideration of ‘external’ conditions, such as the question of human survival ability. 

To illustrate this approach, a typical result-targeted experiment needed for the 
construction of probability scenarios is to establish how long it takes to fell and strip a 
bamboo stalk with stone implements (almost certainly, the first sea-going vessels were 
bamboo rafts). This does not in itself tell us anything about the past, but in the context of 
creating theoretical frameworks about early seafaring it is relevant empirical knowledge. 
Moreover, the microwear-patterns (Semenov 1964; Keeley 1977) caused by prolonged use 
of a chert tool for this activity can be characteristic enough for recognition on ancient 
specimens (it yields silica gloss because bamboo is a grass). In using typical Lower and 
Middle Paleolithic implement replicas I determined that it takes an average of 205 seconds 
of working time to chop down a 64 mm diameter bamboo stalk, which is 14 to 15 m long. 
Three men then take an average of 172 seconds to dress the stalk, removing the branches 
and leaves. These times refer to relatively inexperienced operators, whereas highly 
experienced workers take about 100—120 seconds to cut the vertical bamboo stalk, while 
the total time for stripping it is reduced from almost nine minutes to 3.5 or 4.0 minutes. I 
also found that it takes slightly longer to chop through the same stalk laying horizontally 
on the ground (235 seconds), and that it is less physically demanding to fell the standing 
stalk (Figure 65). 

It is self-evident that every single work process in the chaine opératoire of constructing 
a raft is susceptible to similar quantification and empirical analysis. Such work has been 
undertaken with all components and byproducts, as well as many other objects that were 
created with stone tools to aid in the experiments. The materials tested included hardwood 
and softwood, bamboo, several types of cordage created from palm fibers and leaves 
(tensile strength tests and performance assessments upon submergence in seawater), rattan 
vine (Figure 66), plant resins and bees wax, bone harpoon points, and especially the stone 
tools used in this work, of silica minerals (mainly chert and jaspilite). Selected stone tools 
were used for only one type of work and then subjected to microwear-analysis of their 
working edges in accordance with the standards set by Semenov (1964). A key reason for 
embarking on such an extensive research program was the severe lack of empirical 
information available on maritime rafts. Bamboo rafts were extremely common in the 
Indonesian Archipelago and their most recent recorded use occurred between Timor and 
Roti. However, the practice was discontinued with the advent of the 20th century and 
before detailed scientific records were made of it. Therefore, our knowledge of ocean 
navigation by this means remained very limited, and the practice had to be virtually ‘re- 
learned’ from scratch, i.e., by trial and error (see review of historically recorded details 
about rafts in Bednarik 2015). 
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Figure 66. Using rattan vine to repair a damaged bamboo raft. 


Once again it is only too apparent that the detailed study of the work and use traces of 
all the artifactual materials involved is in the domain of tribology. The same applies to 
various other aspects of archaeology and related specialities. For instance, archaeology has 
experienced considerable difficulties and a number of controversies over fragmented or cut 
osteal material, extending throughout the 20th century. Human or other animal bones are 
frequently found in excavations that are either smashed or bear cuts. In both cases, clearly 
such materials are the result of ‘interacting surfaces in relative motion’. The difficulties 
that have arisen from such finds are that fractured bone accumulations might be the product 
of carnivore activity, or they might derive from human activity, e.g., to extract marrow or 
as part of funerary practices. Mirroring the problems archaeologists have experienced in 
distinguishing stone artefacts from geofacts, the credible identification of smashed bone 
has been the subject of numerous controversies. The most recent case is that of the Cerutti 
Mastodon Site in southern California, where it was claimed that humans worked and 
deposited mastodon remains about 130 ka ago (Holen et al. 2017). That would be 110 ka 
before the widely accepted earliest evidence of humans in the Americas. Much of the case 
of these authors rests on the identification of spiral fractures as being diagnostic of human 
action, but such fractures can also derive from trampling or wallowing by large herbivores, 
such as elephants (Haynes 1988; McComb et al. 2006; Braje et al. 2017). 

This case is not unusual, there are many archaeological and also paleontological 
controversies over the fracture patterns of bones, from the Pliocene right up to the Middle 
Ages, and it seems that researchers find it difficult to resolve them. I am suggesting that 
one reason for this is that the science that should rightly take care of these polemics, 
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tribology, has never become involved in them. A second, similarly debilitating issue 
concerns ‘cut marks’ on bone finds. There are two separate subjects involved. One is the 
discrimination between abrasive markings on fossil bone made with stone tools, and similar 
natural grooves, such as gnaw marks or taphonomic phenomena (e.g., bones scored by 
sharp clasts in the sediment) (Behrensmeyer 1986; Dominguez-Rodrigo and Yravedra 
2009; Bello et al. 2009; Merritt 2012). The second potential controversy involves far fewer 
specimens and concerns the distinction between incidental bone marks, especially those 
deriving from defleshing activities, and those made as exograms: deliberate and 
meaningful, presumably symbolic markings (James and Thompson 2015). A special case 
applies to defleshing cuts made as part of some ritual activity or of cannibalism, or cranial 
cuts interpreted as scalping traces. Clearly all these abrasive cuts on bone are open to a 
variety of interpretations and imaginative archaeological narratives, but perhaps not always 
with adequately clear scientific evidence. Again, tribology could bring science into these 
explanations, but so far has never become involved in their formulation. 

It is said that butchering implements leave identifying signatures on bones. From these 
signatures, it is attempted to distinguish the different raw materials and types of chipped 
stone butchering tools (Greenfield 2006). Silicone molds of cut marks and their analysis in 
light optical and scanning electron microscopes can help in such work, but only potential 
probabilities can be secured with these methods. Testable scientific predictions probably 
remain elusive by these methods, much in the same way as we have seen with the 
traceology of stone tool versus metal tool grooves. These methods may, however, be 
subjected to refinement by the introduction of tribology and the rigor it would hopefully 
establish. 

There are still other possibilities of such involvement, mentioned here only in passing. 
For instance, a perennial dispute in archaeology that seems impossible to resolve concerns 
the so-called figure-stones (pierres-figures). These are stone artifacts or mimetoliths 
(naturally shaped stones) that are said to resemble other objects pareidolically. As 
mentioned above, Boucher de Perthes (1846) reported such lithic objects in the mid-19th 
century from Acheulian tool assemblages in northern France. Since then archaeology has 
assumed that any apparent iconic features of lithics are accidental, except for some specific 
recent traditions in just a few parts of the world. More specifically, hominins of Middle 
and Lower Paleolithic traditions are considered to have been incapable of detecting 
iconicity in objects by pareidolia (Wilson 2018). A number of mimetolithic manuports of 
very early times suggest this to be a fallacy (Bednarik 2017). On the other hand, it is also 
correct that the overwhelming majority of claims of figure-stones are frivolous, and are 
attributable to the fertile imagination of people experiencing strong pareidolia. Wilson, 
who has presented the most carefully assembled and argued case for figure-stones, has 
pointed out correctly that “whilst the incorporation of rock edges and other natural features 
in rock art is now broadly accepted, the logical extension of this practice to lithics” remains 
generally rejected in archaeology. However, it is also true that the inclusion of natural 
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features in rock art is largely a phenomenon of Upper Paleolithic or later traditions, whereas 
the figure-stones are usually attributed to Middle and Lower Paleolithic ‘cultures’. I believe 
that the vast majority of figure-stones claims can be disregarded, but that a small percentage 
of them need to be examined with a scientific methodology still to be designed. Indeed, I 
have recommended that tribology needs to be involved to test such claims (Bednarik 2018). 
I would envisage this to take the form of intensive microscopic studies of micro-spalling, 
edge microwear, and sequencing analyses of such features. Despite the great interest in the 
subject expressed by many enthusiastic people, no such work has so far been attempted. 

Other forms of evidence in archaeology that would benefit from tribological 
involvement are such classes as structures of shaped stones and ancient rock inscriptions, 
the production of which also always involved tribological processes and phenomena. With 
this topic we are already drifting into a subject field that deserves a separate sub-discipline 
because of its massive scope: rock art tribology. The scientific study of rock art is primarily 
a forensic science, combined with a tribology of the phenomena collectively known as 
‘rock art’. That subject also deserves a separate Chapter here. 
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Chapter 4 


TRIBOLOGY IN ROCK ART SCIENCE 


ABSTRACT 


Rock art science is a rapidly developing discipline that needs the support of tribology, 
because the creation of all rock art comprises tribological processes. Petroglyphs—rock art 
made by reductive processes—involve the removal of rock mass by either percussion or 
abrasion. In this chapter, special attention is given to cave petroglyphs, because they have 
been subjected to tribological studies already. Finger flutings and several other types of 
wall markings in caves are considered, together with the complex modification processes 
their media, such as speleothems, are subjected to. Another area of rock art production 
already explored tribologically is the creation of cupules, the simplest of all petroglyphs. 
The underlying principles of such analytical work are then extended to other, more diverse 
rock art, illustrating the contribution required from tribology in this area of research. A 
brief discussion of rock art dating exemplifies similarities in approach. The chapter 
concludes with a brief consideration of pictograms—forms of rock art made by additive 
processes. 


Keywords: tribology, rock art science, petroglyph, cave art, pictogram, rock art dating, 
forensics 


ROCK MARKINGS MADE BY REDUCTIVE PROCESSES 


This chapter is the first attempt to consider the roles of tribology in the study of rock 
art in any consequential manner. It is therefore sensible to start it with a brief introduction. 
‘Rock art’ is a term describing non-utilitarian anthropogenic markings made on natural 
rock surfaces. They may be the results of an additive process such as painting, drawing, 
stenciling, or the application of a substance such as beeswax, in which case the motifs are 
called pictograms; or they may be attributable to a reductive process such as pounding, 
pecking, engraving, scratching, or finger marking, in which case the figures are 
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petroglyphs. Most rock art known in the world is thought to have been created by pre- 
Historic societies, although the component contributed by societies possessing writing is 
somewhat greater than it is widely believed. There is rather more rock art of the last few 
millennia in the world than archaeologists are aware of, and they have a tendency of placing 
much of it in the Pleistocene, especially in Europe (Bednarik 2016a, 2017). This issue of 
inventing unwarranted ages for rock art is of concern, for instance because it has triggered 
bitter confrontations when dating scientists contradicted archaeological claims. However, 
in terms of detrimental effects on the discipline and on its credibility, another issue may be 
of even greater concern. Many researchers have experienced difficulties in discriminating 
between rock art and other rock markings, and there are countless examples of this 
propensity in the relevant literature (Bednarik 1989, 1991a, 1993a, 1994a, 1998a). 

In the absence of a reliable ability to distinguish between rock art and other rock 
markings there is little value in speculating about the meanings of such marks if it cannot 
be credibly established that they are indeed rock art. In Chapter 2 we have briefly visited 
this issue and noted that there are two principal classes of rock markings that are not rock 
art: those made by humans unintentionally; and those that are of natural origins. The latter 
fall into five main types, two of which are of no relevance to tribology: inherent 
petrographic markings and weathering markings. The other three are kinetic geological 
rock marks, of which there are many types as we have reviewed them in Chapter 2; then 
there are plant markings of two classes, one of which is tribological. Finally, animal 
markings on rock surfaces are always the preserve of tribology (as well as other disciplines 
such as ethology, zoology, paleontology, speleology, and so forth), because all of them 
derive from ‘interacting surfaces in relative motion’. Since they have provided such a 
challenge to archaeologists we should consider them before addressing rock art itself, 
because it is tribology that can provide the scientific context of mastering the distinction. 

Animal rock markings are particularly common in limestone caves, where they 
outnumber rock art motifs many thousands of times. Cave walls are not much affected by 
weathering, they are relatively soft and often exceptionally soft (below hardness 1 on Mohs 
scale), therefore they are easily marked and such phenomena can accumulate over periods 
of hundreds of millennia without much deterioration taking place. Let it be stated from the 
outset that animal marks are not restricted to rock; they occur on many surfaces regularly 
and in patterns of great consistency. For instance, species ranging from insects to birds and 
mammals mark tree trunks. To cite a few examples, the red-necked sap sucker 
(Sphyrapicus varius), a North American bird, constructs ladder-like, geometric arrange- 
ments of deeply sculpted squares; or the yellow-bellied glider (Petaurus australis reginae) 
of eastern Australia carves trident or V-shaped dendroglyphs (Bednarik 1994b) into its 
feeding trees (they resemble petroglyphs found in the same region closely); or a variety of 
large mammalian carnivores (Felidae, Ursidae) mark tree trunks with their claws to 
communicate with other members of their species. Elephants ‘draw’ with their trunks in 
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the dust and can learn to use a paintbrush (Diamond 1991) (Figure 67). The drawing abili- 
ties of some of the non-human primates have been well documented by dozens of authors. 
Although we are only considering animal marks on rock here, it seems useful to perceive 
rock markings by animals within the greater context of general animal markings and their 
ethology. 


A ua 





Figure 67. Painting elephant (Web image). 


The most common rock markings on our planet are animal scratch marks and glacial 
striations. Although most conspicuous in limestone caves (Bednarik 1991a), the former are 
also found at open air sites. The long survival of animal scratches in caves means that 
markings of greatly differing ages often occur together, particularly in ‘natural animal 
traps’ (shaft caves with vertical entrances from which escape is limited to species of the 
required climbing ability). Many claw marks in caves are by species with superb climbing 
abilities that entered caves habitually. The most numerous animal markings in caves, 
however, are those of airborne individuals, especially bats. They range from those of the 
tiniest rodents or chiroptera to those of usually extinct megafaunal species. The claw marks 
of the European cave bear (Ursus spelaeus) are probably the most common among the 
latter. This was a powerful animal that once ranged from Spain to the Urals (Bednarik 
1993a) but became extinct toward the end of the Pleistocene. Having studied its wall 
markings in some fifty caves, I distinguish seven types according to the apparent reasons 
why they were made. In some European caves, such as Rouffignac, ursine claw markings 
cover the walls literally for kilometers, and in Chauvet Cave they match those found with 
the animals’ tracks on the clay floor of the cave. Megafaunal cave markings are also 
common in southern Australia. Some have tentatively been attributed to species on the 
basis of claw spacing and size, inferred mobility of forelegs, body size, climbing ability, 
and occurrence of skeletal remains within the cave in question (Bednarik 1991a; Arman 
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and Prideaux 2016). In many cases, sinkholes and other caves with vertical entrances 
contain vast deposits of osteal remains, of individuals that fell into the caves and were 
unable to escape. Hundreds of such sites have been examined in several continents, and the 
behavior of confined animals has been studied from various traces they left (Bednarik 
1991a). Megafaunal scratch marks in Australia postdate parietal art in some cases, just as 
they do in Europe, thus indicating the Pleistocene age of the underlying rock art. The best 
Australian example are finger flutings at two sites in Yaranda Cave, Victoria, preceding 
several claw marks of the marsupial lion (Thylacoleo carnifex) which became extinct well 
before 40 ka ago. These finger flutings are therefore the earliest rock art currently known 
in the continent (Figure 68). 





Figure 68. Extensive finger flutings on the ceiling of Yaranda Cave, Australia, with superimposed claw 
marks of the marsupial lion, which became extinct about 45,000 years ago. 


All known sites of ‘cave art’ in Australia feature animal scratches; in fact, these are 
found in all of the well over 300 caves I have examined in that country (Bednarik 2004). 
Discriminating the two types of marks is the crucial precondition for any informed 
assessment of the rock art component and demands specialist attention. In Australia, four 
distinctive types of mammalian scratch marks have been defined, apart from bat markings: 
‘climbing marks’ (primarily by opossums; Figure 69), ‘gouged symmetrical marks’ 
(certain extant species lacking any climbing ability; Figure 70), ‘megafaunal marks’ and 
‘exploratory marks’ (Bednarik 1991a). These distinctive forms do not comprise the entire 
spectrum of marks present; they are merely frequent, prominent and typical modes of 
occurrence. Obviously the types of animal marks differ in various parts of the world, 
according to regional animal species, their respective ethologies, geomorphological 
factors, and particularly preservation conditions. Our knowledge differs according to the 
research conducted, which is inadequate in a few regions, and practically absent in the rest 
of the world. In the same way that rock art in caves may have suffered considerable 
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modification through time, animal scratches may have been greatly modified over the 
millennia, and their visual appearance altered by one or more of several speleo- 
morphological processes (Bednarik 1999). 





Figure 69. Typical animal climbing marks, several meters above the floor of Robertson Cave, South 
Australia. 





Figure 70. Typical gouged symmetrical animal claw marks, Gran Gran South Cave, South Australia. 
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In view of this entirely inadequate state of our knowledge it is inappropriate that the 
status of cave markings be commented upon authoritatively by non-specialists. The subject 
is far too complex to allow their commentary to be the basis of research findings or be 
related to site management decisions. Many examples of misidentifications of cave 
markings by researchers are known. To illustrate the point by a randomly selected example: 
the ‘human hand’ prominently engraved on the upper left hand corner of the rock art panel 
in the famous Paleolithic site of Bara Bahau, France (Bednarik 1986a: Figure 6), has been 
described as the oldest work of art in the world by various writers, and has been admired 
by vast numbers of tourists and scholars over many decades. It is almost certainly the 
handiwork of a cave bear (Bednarik 1981a, 1991la, 1993a). 

It will have become obvious to the reader that the problem of discriminating credibly 
between rock markings made deliberately by humans and those occasioned by other 
animals suffers from the same, if not worse, limitations that apply to so many other 
identification tasks. Among these are the distinction between lithic artifacts and geofacts, 
between cupules and potholes, between stone tool marks and other marks (e.g., metal 
tools), between taphonomically fractured bone and anthropogenic bone fractures, between 
natural and artificial perforations, and between natural markings on rocks or portable items 
and paleoart. We have seen so many times that this generic problem in archaeology, of 
practitioners being unable to credibly distinguish the material that is of great importance to 
the discipline (especially artifacts) from that which is of none, or natural phenomena from 
humanly-made. We have also seen that in many cases this impediment, which undeniably 
places a massive burden on the discipline, could be either eradicated or at least significantly 
alleviated by the application of tribology or forensic science. Precisely the same applies to 
the distinction between animal scratches and human rock markings. Nevertheless, some 
basic diagnostic criteria have been secured to assist in that endeavor (Bednarik 1998a): 


To recognise individual animal scratch marks requires considerable experience, 
because their morphologies differ greatly according to the species’ climbing ability and 
method, ‘speleo-behaviour’, mobility, relative length of extremities, shape of claws or 
talons and their mechanics of application, and according to the shape of the claw points. 
The latter, for instance, can vary according to local conditions, the specimen’s age, and so 
forth. Claw marks of Chiroptera (the most common of all animal scratch marks) may be 
quite different from those of similar-sized animals that are unable to fly. Moreover, great 
variations can be caused by the lithology of the support rock (relative hardness, moisture 
content, relative air humidity etc.), and most particularly by modification processes 
(weathering, including speleo-weathering, the deposition of speleothems, and the 
deforming action of some precipitates, notably certain types of carbonate deposits). It is 
therefore necessary to appreciate that there are no simple, ready-made rules for 
discriminating between animal scratch marks and other, similar rock marks. Rather this is 
a process of elimination in which many factors need to be taken into account, and in which 
alternatives have to be discounted systematically. 
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The empirical basis of this discrimination process consists of two bodies of evidence: 
the study of markings that can safely be attributed to animal species (e.g., megafaunal 
marks, which have been most thoroughly studied in Europe, such as those of Ursus 
spelaeus, and in Australia), and the study of ‘experimental’ animal markings. The latter 
have involved a number of species, and in Australia especially possums. I have documented 
several instances of occupied possum dreys in limestone cavities (including in actual 
caves), and have microscopically surveyed the fresh climbing marks in the immediate 
vicinity of the occupied lairs of Trichosurus vulpecula. Marking experiments have also 
been conducted with live specimens, and their claws and claw spacings examined as part 
of this project. I have not conducted such experimental work with Sarcophilus, but have 
studied the very numerous claw markings in known lairs of the Tasmanian Devil, e.g., in 
Koonalda and Tantanoola Caves. 

In Australia, four broad categories of animal scratch marks on rock surfaces have been 
distinguished. Large accumulations of claw marks are usually much easier to identify than 
isolated or single marks. One of the distinguishing characteristics refers to the relative 
positions of multiple marks constituting a ‘set’, and the relative course of individual 
grooves of a multi-pronged instrument such as an animal paw. Small rock fragments may 
only bear one or two grooves of a set (either exfoliated from a wall, or marked in situ within 
the sediment), which renders discrimination more difficult than on a cave wall. 
Nevertheless, other variables remain and can be consulted quite effectively in such cases, 
referring to the experience gained from parietal markings. These include: 


1. Longitudinal striations are very frequently present in lines engraved with stone 
tools, and several distinctive forms are recognized by researchers as being 
characteristic. Animal scratches typically bear no striations. 

2. Even if a claw did bear some irregularities which would produce striations, as 
may conceivably be the case, these would significantly differ from those 
occasioned by stone points. In the latter, the point is usually slightly turned over 
the course of a groove, which results in significant changes in the longitudinal 
striations. This is particularly clear at changes of direction. A claw point, forming 
part of a multi-pronged instrument, cannot be rotated in the same way. 

3. Claw points are always rounded and comparatively symmetrical, stone points are 
rarely so. 

4. In cross-section, a claw-caused groove is rather U-shaped, with the sidewalls 
steep, and stries parasites are never present. 

5. Morphologically, claw marks are frequently of slightly ‘cuneiform’ appearance, 
i.e., with one end deeper and abrupt, and the other shallow and ‘fading’. This 
applies especially to short marks. 

6. Where such a mark is well preserved, the deeper and wider end can provide a 
fairly good impression of the shape of the claw point. 


While there is no doubt that these criteria can be subjected to cumulative refinement 
through further research efforts, there is no justification for challenging such work simply 
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to accommodate frivolous propositions (Sharpe 2004). Claw and other scratches are not 
the only type of rock markings produced by non-human animals, not to mention humans 
such as cave divers. The second type of rock marking is very different, but has also been 
inadequately studied. The Bdrenschliffe are panels of polished rock surface, on cave walls 
as well as on the sides of large floor boulders frequently found in European caves. They 
are particularly common in central Europe, and where there has been no subsequent change 
of floor level they are typically found between 0.4 and 1.4 m above the floor. These 
polished panels can occur up to a few kilometers into a cave system. They were produced 
by generations upon generations of cave bears using the same paths in the dark. Their 
hibernation dens were typically located in warm air syphons where the air trapped may 
have been of a considerably higher ambient temperature than that outside the caves, 
particularly during the harsh winters of stadial peaks. As the bears’ bodies rubbed against 
the walls, the sand and silt embedded in their shaggy fur acted as an abrasive, gradually 
smoothing the rock surface (Bednarik 1993a). On well-preserved cave bear polishes, 
numerous striations can be found, caused by angular quartz grains lodged in the animals’ 
fur. Some of the first purported Pleistocene rock art reported in central Europe (Hahn 1991) 
consists of several dozen fragments of such polished panels with random grooves, which 
had later exfoliated and become stratified in the cave floor (see refutation in Bednarik 
2002). 

The numerous other species that have produced rock surface polish range from small 
mammals to mammoths and mastodons. These phenomena are particularly common in 
caves and rock-shelters. They include polishes created by smaller species climbing 
habitually in and out of caves (e.g., opossums in Australia; Bednarik 1991a), to species 
using such sites as lairs (e.g., cave hyena in Europe, Tasmanian devil in Australia, etc.), 
and to those sheltering in cave entrances and rock-shelters. Rock art conservators are 
particularly concerned with the habits of some ungulates, such as feral pigs and water 
buffaloes, of rubbing their bodies on rock to rid themselves of parasites. Rock paintings 
can be rapidly destroyed in this fashion. Not only does this habit result in surface polish, 
there may also be a deposition of accretionary salts, including perhaps oxalates (Watchman 
1990). Breck Parkman has identified a series of extensive rock polishes in the western 
Unites States, which appear to be attributable to mammoths and other megafauna 
(Bettelheim 2006). He has also demonstrated that extant elephants, too, create polished 
surfaces on rock outcrops. Quite possibly, these phenomena are more common than we 
have appreciated in the past but are rarely recognized. However, of all the animal rock 
markings, polish is the least likely to be mistaken as anthropogenic; it is listed here merely 
for completeness. 

As indicated previously, besides animal markings on rock surfaces there are numerous 
other natural marks—not only on rock but also on many other material types that may have 
been used in the production of paleoart. Indeed, there is even a class of humanly produced 
markings that are incidental, i.e., created unintentionally, or at least not with the intent of 
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creating a meaningful pattern. These include, among many others, the tracks of moving 
steel-track-mounted vehicles, the markings left behind by rock drills or core drills, or the 
drag-marks of steel cables over rock pavements. All of these are tribological phenomena, 
and despite being made by humans, these rock marks are not rock art—but they have all 
been mistaken for petroglyphs by archaeologists on occasion (see Chapter 2). The 
identification of petroglyphs is also in many ways a task of tribology, particularly in terms 
of determining method of production, frictional or percussive energy applied in it, 
biokinetic considerations, the identification of diagnostic features such as traces of 
asperities and stick-slip phenomena, and the detection of tribological material changes. 
These and related matters are of the utmost importance in the scientific study of rock art, 
and yet they have hardly ever been considered before, and certainly not in depth. Indeed, 
as we will see in the next chapter, this neglect has prevented the detection of an important 
phenomenon relating to both petroglyphs and the natural world of geology. 

The discrimination between animal scratches, anthropogenic linear engravings, and 
finger flutings has long confounded researchers, not only in Europe but more particularly 
in Australia. When large panels of finger markings were discovered deep in Koonalda Cave 
in the vast Nullarbor karst of South Australia and Western Australia in 1957, it was 
suggested, in breathtaking naivety, that the linear markings could be remnants of solution 
tubes or erosion grooves of the limestone (what was presumably meant was Rillenkarren), 
or even sharpening grooves for bone implements. Gallus (1968a, 1968b, 1971), who was 
familiar with the phenomenon from his work in Europe, correctly described them as finger- 
made. Walsh (1964) reviewed in detail “unexplained markings” in two caves in Northern 
Territory, Kintore and Cutta Cutta Caves. He reported concentrations of apparently incised, 
subparallel lines occurring in groups of three to five in both caves. Although the markings 
appeared to resemble animal claw marks, Walsh was troubled by their occurrence in high 
positions, well out of reach. Similarly, in Princess Margaret Cave in far western Victoria, 
such markings were noted to extend to 5.5 m height above the cave floor. (In reality, animal 
claw marks have been observed at heights of up to 40 m above floors.) The issue became 
further complicated by the report of a large concentration of subparallel linear markings on 
the sloping ceiling of Orchestra Shell Cave north of Perth, Western Australia, which were 
described as having been made with severed animal claws fastened to poles (Hallam 
1971)—a highly unlikely explanation. R. G. Gunn (n.d.) and E. Hamilton-Smith conducted 
two independent surveys of linear markings in Tantanoola Cave, at Millicent, South 
Australia, and arrived both at the conclusion that these claw marks were human engravings; 
the cave was in fact inaccessible to humans until it was opened in March 1930. Sharpe and 
Sharpe (1976) then investigated a large series of what appeared to be claw marks on 
boulders at the Gallus Site in Koonalda Cave and claimed them to be not only human, but 
possibly representing a kind of writing system. Finally, several smaller panels of possible 
finger lines and animal claw markings were discovered in New Guinea 2 Cave near Buchan 
in 1977, in the continent’s southeastern-most part. The archaeological team involved in the 
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major investigation of this remote site could not arrive at credible identifications and the 
rock marks were not published (Ossa et al. 1995). 

Having long been familiar with the similar issues in Europe I decided to investigate 
these and any other sites of this kind in Australia. I realized that the above studies had been 
conducted in isolation, each investigator (except Gallus) dealing with phenomena they had 
never encountered before. No attempt was made to use geological observations for 
explaining modification processes of speleothems. Since most cave markings in the world 
are clearly of animal origins, my strategy was to secure reliable information about the 
identification of scratch marks to be able to eliminate animal markings from consideration. 
I developed several strategies of searching for linear incised wall markings in caves that 
were inaccessible to humans, for as long as the region in question had been occupied by 
them. There are two types of such sites: caves that had always been closed to human access, 
and caves that are of such difficult access that humans can only enter with the help of 
mechanical equipment that was not available to hunter-foragers millennia ago. Of the more 
than one thousand caves I have examined in all continents except Antarctica, about 5% fall 
into these two categories. For instance, two of the caves mentioned above only became 
accessible relatively recently. One is Tantanoola Cave, which was opened by Norman 
Tindale and Boyce Lane (Aslin 2004) after Lane noticed a small opening while hunting 
rabbits. There are no indications that humans had ever entered this cave previously (Tindale 
1933). The second is Princess Margaret Cave which was opened up for tourism in the mid- 
20th century. 

In 1980 I established the Parietal Markings Project, precisely to clarify the confusion 
with linear rock markings in caves, expanding its scope to numerous parts of the world. In 
the course of this work, most of the presently known sites of Australian cave art were 
discovered, almost as a side effect of the main objective of the project. By far the largest 
number of sites investigated were in the Tertiary limestone karst between Robe and 
Portland, centering on Mount Gambier. Literally hundreds of sites were carefully examined 
in this region, many of which can only be entered with the help of modern climbing and 
caving equipment. And yet vertical shaft caves of difficult access are often the most 
profusely decorated sites with animal scratches. This is because they have for eons acted 
as natural traps into which animals fell, survived, but found themselves unable to escape 
from. The first such site I had much earlier examined in detail was the Glaserkogelschacht 
in Austria (Bednarik 1965), the entrance opening of which is concealed by a firn (frozen 
snow) bridge on which animals stepped, perhaps rolled to cool off, breaking through the 
bridge and tumbling down 24 m, but surviving by falling on a firn cone. Escape was 
impossible, and being the first human to reach the much lower floor of the cave, I managed 
to study the tracks and escape-seeking behavior of various species, and the remains of the 
animals that had starved to death. I was also the first human to reach the deepest animal- 
trap cave I have surveyed, Toca do Buraco de Sansão (Samson’s Shaft), a cave shaft of 
huge dimensions near São Raimundo Nonato, Piauí State, Brazil. At its base I discovered 
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not only four lakes, but a surface deposit of tens of thousands of fossil and mineralized 
megafauna bones, cemented together by brilliantly white calcite crystals glistening in the 
light (Bednarik 1991b). I managed to salvage four bones, two of which were of hitherto 
unknown species. The animals had tumbled down more than a hundred meters, ending up 
ina lake, and swam to a higher slope where they all eventually perished, many after leaving 
rock markings. 

However, the largest concentrations of claw markings I have studied in animal trap 
caves are in the Mount Gambier region of South Australia, where I have seen astronomical 
numbers of them, in some cases up to 40 m above the floor of the shaft. This puts to rest 
the idea that high locations cannot feature animal marks. On the contrary, animal scratches 
by species such as monitor lizards, opossums, and large bats are frequently found in 
locations almost inaccessible to humans. Moreover, some species are capable of crossing 
horizontal ceilings. Another strategy I applied to locate markings that can safely be 
attributed to specific species was to examine those found at the dreys (living shelters) of 
opossums in rock holes. I even studied and measured hundreds of claw markings on 
masonry, painted clay bricks, wood, and tree trunks. And I conducted numerous 
experiments with the paws of live animals as well as dead, and examined both their claws 
and the ancient rock markings microscopically (Bednarik 2004). Over several decades I 
developed experience in recognizing animal markings by focusing on those that could not 
possibly have been the work of humans, at both the macroscopic and the microscopic level. 
Of particular importance is an intimate understanding of the speleo-ethology of the 
respective species, their behavior in a cave space. There are great differences among 
candidate species, and these are well expressed in the distribution patterns as well as the 
actual arrangements of claw marks: their course, the starting configurations, inferred 
climbing ability and so forth. It also became increasingly clear that tribology had to be 
involved in this work, especially in understanding the empirical microscopic evidence: 
groove sections, sizes, depth, claw impressions on soft rock, stick-slip markings, absence 
of fine striations. However, equally apparent is that the great variability of animal scratches 
rendered it impossible to provide a simple but secure formula for their identification, or a 
simple list of diagnostics, and I have compared the ability to reliably discriminate between 
these marks and anthropogenic incisions or finger flutings to the ability of a tracker. It 
cannot be deconstructed into its parts and then re-assembled; it is a holistic system of 
comprehension with an input of a large number of variables that succeeds only as a whole, 
and that demands truly comprehensive abilities of discrimination. This cannot be described 
simplistically in a book; it cannot be taught through the superficiality of a university course; 
it demands many years of work. 

Using these ‘tracking’ abilities it becomes relatively easy to detect minute and 
sometimes subliminal tell-tale signs in cave marks. The work of the Parietal Markings 
Project clarified all of the controversial cases listed above with ease: 


160 Robert G. Bednarik 


e Koonalda Cave contains vast numbers of animal scratches on both walls and floor 
boulders, as well as extensive finger flutings in one passage. There are also two 
sets of engraved parallel lines, restricted to just one location. 

e Kintore and Cutta Cutta Caves contain good numbers of animal scratches, most of 
them by the ghost bat (Macroderma gigas), but no human markings whatsoever. 

e Princess Margaret Cave, as mentioned, features only animal scratches, mostly of 
opossums, and its spaces became only accessible by recent human intervention. 

e Orchestra Shell Cave contains a very small number of solution grooves and animal 
scratches, but the very prominent grooves covering much of its ceiling consist 
entirely of finger flutings. Their height of 2-3 m above the steeply sloping floor is 
easily explained: the floor subsided after the markings were made in the final 
Pleistocene, of which there is ample physical evidence. 

e Tantanoola Cave contains only animal scratches, most of which relate to a single 
species, the Tasmanian devil (Sarcophilus harrisii). It cannot feature pre-Historic 
human marks because it became humanly accessible less than a hundred years ago. 

e New Guinea 2 Cave presents several groups of wall markings, some of which are 
finger flutings, some are animal scratch marks, including by monitor lizards. 


Another result of the Parietal Markings Project is that it increased the number of known 
cave art sites in Australia fivefold, from ten to fifty. Seven of these contain pictograms 
(applied pigment marks) but these account for only a miniscule portion of the known 
Australian cave art: in the order of 99% of it consists of petroglyphs, of which the following 
types are distinguished: 


A. Finger flutings: they occur on formerly soft calcite deposits which in all but 
two sites are of a secondary, i.e., reprecipitated carbonate (moonmilk). 
Consisting of a microscopic, often fiber-like lattice of calcite crystals, this 
speleothem can absorb a great deal of water and can be as soft as snow. These 
white cave deposits were extensively marked by pre-Historic people (finger 
flutings have so far been observed in in France, Spain, Austria, Dominican 
Republic, New Guinea, and Australia), and they survived in some cases 
through desiccation or carbonatization (Bednarik 1981b, 1999). Only 74 such 
sites of this form of cave art are known world-wide, of which 37 occur in 
Australia, most of them within 40 km of Mount Gambier. Finger flutings are 
considered to be among the earliest forms of intentional marks on rock surfaces 
that have survived to the present, but some are much more recent. All of them 
were made by dragging human fingers across very soft cave surfaces. 

B. Karake style: these petroglyphs are deeply abraded (up to 40 mm deep) and 
often probably pounded as well. Motif types are dominated by circles and cell- 
like arrangements of enclosures. The circles are usually under 50 cm but may 
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range up to about a meter in diameter, while the panels of mazes may extend 
over several metres. Motifs also include parallel lines, arcuate designs, 
‘convergent lines motifs’ (including the ‘trident’ but also with two, four, or 
five ‘toes’ which are not necessarily connected at the point of convergence), 
wave lines, circles with internal design (vertical barring or lozenge lattice), and 
radial and dot arrangements (cupules). This motif range has many parallels in 
other Australian rock arts which are frequently considered to be of Pleistocene 
age and it is also similar to that of pre-iconic art globally. Several of the 
Australian sites have provided good evidence for such Pleistocene antiquity, 
and the great similarity with Tasmanian petroglyphs suggests the same, 
because Tasmania became sundered from the mainland about 12,000 years 
ago. Karake-style petroglyphs have been found in 14 Australian caves (Figure 
71) and at many open-air sites. 
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Figure 71. Karake style petroglyphs in Paroong Cave, Mount Gambier, South Australia. 


C. Tool marks: there is no indication that these are utilitarian and, in contrast to the 
Karake motifs which are found on walls only, they are as likely to occur on ceilings 
(Aslin and Bednarik 1985). They may form groups of sub-parallel lines or occur 
as apparently unstructured assemblages, but occasionally they form patterns such 
as lattices. The tool material used in their production has been identified by 
tribology at two of the sites (Nung-kol and Mandurah Caves), and internal analysis 
has provided much information about production sequences (Bednarik 1987/88, 
1992a). These tool marks occur in 13 Australian caves. 

D. Deep pits: traces of a widespread activity in which a soft rock, such as a cave wall, 
has been extensively marked by a non-utilitarian but quite specific percussion 
activity that resulted in large panels of deep gashes, including the highly 


162 Robert G. Bednarik 


distinctive, pocket-shaped ‘alveoli’. This phenomenon has been extensively 
studied by replication work in Ngrang Cave (Bednarik and Montelle 2016) but it 
is not restricted to caves and has not been widely recognized at open sites, where 
it occurs in the form of cupules (Bednarik 2008a). Deep pits are found in five cave 
Sites. 

E. Shallow engravings: usually incised with single strokes of a pointed tool, these are 
frequently responses to earlier designs of which they are sometimes copies. The 
‘shallow engravings’ occur at seven Australian cave sites and are separated from 
the preceding Karake style by a substantial layer of cutaneous calcite precipitate 
in Malangine Cave. 

F. Recent petroglyphs: these occur at only two of the cave sites, and only at the 
entrances. 


Of particular interest to tribology are the finger flutings, Karake-style petroglyphs, tool 
marks, and the deep pits or cupules, because these have been subjected to detailed analyses. 


FINGERS AND OTHER TOOLS 


Finger flutings (sillons digitales, Fingerrillen, estriado por dedos, maxaponot) have 
been reported from the caves of four regions of the world, and they are quite common in 
two of them: southwestern Europe and southern Australia (Bednarik 1984, 1985, 1986b). 
They were created with the outstretched fingers of human hands being drawn over soft 
surfaces in caves that are well below hardness 1 on Mohs scale. The fingers were either 
held close together or separated, and it is common to find ‘splayed’ sets, which are those 
that begin with the fingers widely apart but then closing along the course of the set. Finger 
sets are usually of three or four fingers, although sets of two or single finger grooves can 
on occasion be found also. Accumulations of finger flutings can range from single sets to 
large concentrations of dozens of square meters (Figure 72). Because of their fragility such 
marks have only been found in limestone caves so far, firstly because the speleo- 
environment offers the requisite preservation condition, and also because under certain 
conditions the soft deposit can desiccate and mineralize, and ultimately become as hard as 
limestone. In such cases the finest details of the markings may be preserved. This factor, 
and also the obvious biokinetic observations made possible by this unique type of rock 
marking render a variety of tribological approaches possible. Moreover, finger flutings are 
among the earliest known rock art in the world, and the considerable behavioral insights 
they allow can be of great value to the study of early people. Not all of this form of rock 
art is of the Pleistocene, but most of it seems to be so, in both Europe and Australia. 
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Figure 72. Desiccated finger flutings on vertical wall, with subsequent slight cover of speleothem, but 
otherwise well preserved. Karlie-ngoinpool Cave, South Australia. 





Figure 73. The typical classes of modification of finger flutings. Each section shows, from the top, the 
primary rock of the cave, on which the moonmilk formed and was marked by fingers while still soft: 0 
— fresh and unmodified finger flutings; 1 — corrosion has removed some of the surface resulting in its 
coarsening; 2 — cutaneous speleothem has covered the flutings but has preserved their outline well; 3 — 
dense speleothem skin has concealed finger flutings and distorted them to appear as narrow grooves; 4 
— the moonmilk has been gradually dissolved which has exposed the primary rock; 5 — pearly or coral- 
like speleothems have formed selectively along the ridges between finger grooves and accentuated them 
greatly. 
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At most of the sites of this form of rock art, the medium consists of ‘moonmilk’ (also 
montmilch or Mondmilch), a carbonate speleothem (reprecipitated calcium carbonate) that 
is very susceptible to various modification processes. These have been considered in much 
detail (Bednarik 1999) and affect the appearance of any cave markings, be they of animal 
or human origins. The five most common states of finger flutings are shown in Figure 73. 
Speleothems result from the responses of particular rock constituents to 
atmospheric/hydrospheric conditions in a cave space. They are formations of precipitated 
compounds such as chlorides, nitrates, sulfates and—most importantly—carbonates. 
Calcite, dolomite and aragonite generally form carbonate speleothems or travertine. They 
occur in a number of modes, for example as the familiar stalactitic growths, as dripstone 
curtains, helictites, straws, cauliflower or coralline formations, and as cutaneous flowstone 
formations of various forms. They are generally precipitated from calcium bicarbonate 
solution, which in the case of speleothem carbonates forms as carbon dioxide-enriched 
water percolates through limestone beds and chemical equilibrium is established: 


xCaCO3 + H20 + (x + y)CO2 > xCa(HCO3)2 + yCO2 (1), 


where x and y are the molecular concentrations respectively of free and locked carbonic 
acid, and are subject to the correlation y = K(T)x°, K(T) being a temperature-related con- 
stant (Wendt et al. 1967). Actually, the relationship is significantly more complex than is 
suggested by this reaction, but it will suffice in the present context. The condition of 
electroneutrality pertaining to it can be summarized as: 


C++2C -C .-C 
H Ca 


-2 
OH HCO3- Coo, 


2 =90 
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where Cy" is the concentration of hydrogen ions (moles/liter). Limestone is dissolved by a 
combination of two processes which relate to the isotopic composition of the calcite 
precipitated in carbonate speleothems: the open and the closed systems. The carbon dioxide 
is usually derived from vegetation above the cave, which has either obtained it via 
photosynthesis and then released it after oxidation of dead plant matter, or has given rise 
to acommunity of mycorrhizal soil micro-organisms which then respire the gas. Calcite is 
thus dissolved and mobilized up to equilibrium concentration. If one of the factors 
determining the value of equilibrium concentration is altered, establishing conditions for a 
new equilibrium may demand the precipitation of the surplus solute, leading to speleothem 
formation. Evaporation of water, to which the formation of stalactitic growth is sometimes 
attributed, is therefore not important in the formation. Evaporation is nearly impossible in 
those caves that boast the most abundant travertine deposits, because their air humidity 
usually exceeds 96%. On the other hand, caves with a low humidity (small or shallow 
caves) normally have only limited speleothem growth. 
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The ability of water to hold carbon dioxide in solution is related to factors such as 
temperature, turbulence and pressure. Pressure changes dramatically in the bicarbonate 
solution when it reaches the ceiling of a cavity. While travelling within the rock’s 
interstitial spaces, the solution is subjected to the quite considerable pressure of the closed 
system (it can be 300 times atmospheric pressure). The parietal space, however, 
experiences atmospheric pressure and this causes the release of surplus calcite as the 
solution emerges in the cave. It will be in oxygenous isotopic equilibrium with the water if 
the rate of loss of carbon dioxide is sufficiently slow to maintain the equilibrium between 
the bicarbonate ions and the aqueous carbon dioxide. If, however, the rate of loss of carbon 
dioxide from the solution is so rapid that isotopic equilibrium cannot persist between the 
bicarbonate ions, the aqueous carbon dioxide and the water, a kinetic isotopic fractionation 
will occur between them and will be reflected as a simultaneous enrichment of '°C and 180 
in the calcite precipitated (Mills and Urey 1940; Craig 1953; Franke and Geyh 1970; Hendy 
1971; Milliman 1974). 

Moonmilk occurs in at least two generically discrete forms, one being a precipitate of 
an initially pure-white deposit of calcium carbonate whose consistency ranges from downy 
soft—offering no more physical resistance than freshly fallen snow—to being pasty or 
clayey. The very substantial pores formed by its lattice of minute calcite crystals usually 
contain much water, often over 50% of the total mass (this represents around 75% of 
volume). The huge deposits of this substance found in the caves of the European Alps may 
be over a meter thick, and may form stalactites. A second type of moonmilk is not a 
speleothem but consists of a highly porous ‘skeleton’ of formerly dense rock, apparently 
the result of some process of decay which remains as yet unexplained. The influence of 
micro-organisms has been proposed, but has not been demonstrated satisfactorily. 
Irrespective of the different processes that may contribute to the formation of moonmilk, 
their products are sufficiently similar to have been combined in this single category. The 
most extreme changes to humanly marked surfaces is desiccation followed by 
superposition of a hard crust of calcite, deforming the finger flutings so much that specialist 
knowledge is required to identify it correctly (Figure 74). Determination is rendered more 
complex by the susceptibility of animal scratches to the same modification processes. 
Another factor is that speleothem growth seems retarded within grooves, apparently 
because the delicate lattice of calcite crystals is demolished when the deposit is marked, be 
it by fingers or claws. This appears to impede the continued precipitation of solute 
(Bednarik 1999). 

A very different modification effect is when changed environmental conditions trigger 
the gradual solution of the moonmilk. This resembles the effect of melting snow on a road 
surface. The compressed carbonate crystal lattice in the grooves is dissolved first, leaving 
behind strips of the degraded material between the individual grooves (Figure 73: 4). 


166 Robert G. Bednarik 





Figure 74. Well-preserved finger flutings on fossil moonmilk, disappearing under very heavy 
subsequent growth of coralline speleothem. Ceiling of Malangine Cave, South Australia. 


Just as snow attracts airborne matter that becomes increasingly condensed as the snow 
melts, and eventually forms a black surface deposit, this very same effect is evident on the 
dissolving moonmilk, until eventually the carbonate has completely disappeared and the 
course of the finger markings can only be traced through the blackish concentrate of 
particulate matter and aerosols left behind. This phenomenon is particularly well 
represented in the extensive rock art panels of Yaranda Cave in Australia (Figure 68) and 
in the easternmost part of the Ossuaire, Pech Merle, France. In both sites, all stages of the 
process are present: the initial speleothem, the stages of the dissolving process, the stripes 
of reappearing primary rock where the finger grooves were, and the residual arrangements 
of the dark film of airborne matter that remains behind. 

From the tribological perspective, the fingers used to create finger flutings are the 
‘tools’ in that case, being significantly harder than the medium. Several tribological effects 
are immediately apparent. First, as each finger compresses the crystal lattice of the 
moonmilk, its bulk volume is greatly decreased, which facilitates the formation of 
transverse tear marks. These are of slightly crescentic shape, with their concave sides 
facing in the direction of ‘tool’? movement. These features are attributable to the same 
factors as those we have considered in Chapter 2, in relation to the crosswise tear marks 
found in some glacial debris striae. They can be seen as being akin to stick-slip action, as 
the compressed moonmilk’s limit of tensile strength is reached, i.e., its resistance to the 
force tending to tear it apart. Second, very fine longitudinal striations can sometimes be 
discerned in perfectly preserved finger flutings, perhaps indicative of grains caught 
between the fingers and the soft medium. They, too, may help in confirming direction of 
finger application. Third, the moonmilk squeezed to the margins of the grooves tends to 
form ‘curls’ that may also indicate direction of finger movement. In many sets these 
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indications of ‘tool’ application are superfluous because the overall arrangement is clear 
enough to identify their beginnings and ends. At the first contact with the medium, the 
fingers may be splayed, and they tend to be deeply pressed into the moonmilk. The end of 
most sets peter out, with fingers generally closed. 

The forensic diagnostics pursued by researchers include several empirical factors, 
beginning with the widths of the closed fingers. To render the readings by different workers 
comparable, a universal standard was decided early in this research according to which the 
width of the group of finger impressions of a single set were measured where they were 
apparently fully closed. That measurement was then divided by the number of finger 
grooves, usually three or four, to determine the mean finger width. The measurement is 
given as, e.g., ‘3-41’. Splayed sets are measured by providing number of fingers, overall 
width at widest point in mm, and overall width at narrowest point, e.g., ‘4-62-44’; Bednarik 
1987/88). Mean finger width is the basis of estimating the age of the fluter, although it is 
recognized that there are notable variations in fingertip widths that are related to factors 
other than age (sex, body type, stature). However, as it was found that there were great 
variations in the sizes of finger fluting grooves, from 6 mm to well over 20 mm, an arbitrary 
standard was set as 13 mm being the secure upper limit of juvenile marks. On that basis it 
was determined that a large proportion of site inventories was made by young fluters. This 
finding applied in both southwestern Europe and southern Australia (Bednarik 1986b, 
2008b). In caves with concentrations close to the entrance and others in the interior of the 
systems it was found that the adult portion of the markings was high near the entrance, 
while it was predominantly the adolescents who explored the deeper reaches of the cave. 

My metric determinations of all measurable finger fluting sets in dozens of caves 
showed that in all of them, juvenile markings accounted for significantly more than half of 
all surviving and measured finger flutings in the world. Of particular interest is that the 
mean finger sizes of the eighteen surviving identifiable sets of finger flutings of Baume 
Latrone, at Montpellier in southern France, is 12.7 mm (Bednarik 1987/88). The 
significance of this finding is that these finger flutings are estimated to be about four times 
the age of superimposed Upper Paleolithic petroglyphs and therefore need to be assumed 
to be the work of robust hominins, such as ‘Neanderthals’ (Bednarik 1986b). In Koorine 
Cave (South Australia), we recorded a mean of 11.8 mm from six sets (Aslin and Bednarik 
1984a), and the 34 measured sets in the main part of Orchestra Shell Cave (Western 
Australia) yielded an even lower result, 11.2 mm (Bednarik 1987/88). These are clearly 
finger sizes of children or adolescents, as determined by several experiments, and the same 
trend pertains in most sites surveyed (e.g., Aslin and Bednarik 1984b). Guthrie (2005) and 
Sharpe and Van Gelder (2006a) followed my lead and the latter, in particular, presented 
new quantitative data underpinning the proposition by showing that children’s finger 
flutings dominated in one chamber of the French cave Rouffignac. These even included 
markings made by small infants. Sharpe and Van Gelder (2006b) advanced the notion that 
such infants may have been held aloft by adults, because the ceiling of chamber A1 in 
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Rouffignac is today out of reach to children. However, I regard this as unsupported: floor 
levels in cave systems are notoriously changeable and many parts of Rouffignac have 
experienced significant floor alterations due to several processes, as evidenced by the bands 
of tens of thousands of cave bear claw scratches along the main galleries (Bednarik 1993a, 
2006). Another claim, that the sex of the fluters may be detectable from relative finger 
lengths also lacks my support, because the research it is based on is ambiguous and limited 
to inadequate samples. Also, the determination of finger length from flutings is dubious. 
Nevertheless, the major involvement of children in the production of finger flutings can be 
regarded as having been securely demonstrated by numerous metrical analyses now 
undertaken in dozens of French and Australian caves. Moreover, I have demonstrated that 
all types of evidence we have providing an indication of the approximate age of any cave 
artists (of which finger flutings are only one) points to juveniles or adolescents being the 
creators of cave art. Also, the foot, heel, finger, and hand prints discovered in soft floor and 
wall deposits such as clay in these caves are overwhelmingly of children (certainly in 
excess of 90%; Bednarik 2008b). 

These forensic observations, complemented by the tribology of the rock markings, are 
of momentous significance to the archaeological interpretations of this form of rock art, 
demanding explanations that differ profoundly from those traditionally offered by the 
discipline. Once again we find that much of what archaeology has provided hitherto 
belongs into the realm of mythologies (Bednarik 2016a). This dimension of the discipline 
has been noted in the previous chapter, and it shows consistently that the introduction of 
tribology should have the consequence of replacing asserted myths with scientific 
propositions. Scientific enquiry into rock art has only a very short history, having been 
introduced in the 1980s (Bednarik 2007). Before then, ‘rock art research’ was largely a 
field of imaginative interpretation and invented meanings, styles, and antiquities, providing 
only limited reliable empirical information about the corpora of rock art surveyed and of 
their taphonomy. The few subsequent decades have seen the establishment of rudimentary 
scientific (testable or falsifiable) approaches, but the discipline of rock art science still 
needs to overcome various barriers to develop. In this, the support of tribology is certainly 
needed, but so far not even its relevance to rock art has been recognized. 

Another type of cave petroglyphs mentioned above has been defined specifically as 
‘tool marks’, and tribology is particularly relevant to them. Their diagnostic attributes are 
generally more clearly expressed than those of finger flutings, particularly the asperities on 
the tools are obviously much clearer and their striations permit definite identification of 
multiple tool application. However, this point is in need of some qualification. The striation 
patterns in multiple marks can only be identical when the tool point has been applied in the 
same orientation relative to direction of motion. This needs to be emphasized because both 
Marshack (1964, 1972, 1985, 1989) and d’Errico (1989a, 1989b, 1991) failed to realize 
that systems of notation on portable objects cannot necessarily be identified from striae. 
As the latter author mentions, even “the making of a single notch on bone is enough to 
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damage a flint edge” (d’Errico 1991). Pressure often detaches micro-spalls, modifying the 
micro-topography of the stone tool point’s asperities. The principal difficulty with 
notational interpretations of repetitive markings on such materials as bone or ivory is the 
likelihood of changes to the working edge or point. Therefore, as I have argued (Bednarik 
1991c), notations can be made in a single sitting, or they can be cumulative, the result of 
reuse of an object over a long time. The former type cannot be identified by determining 
the number of tools involved in their production: there is nothing to prevent an artisan or a 
whole group of people from using several tools or working edges to produce a set of marks 
in one sitting; nor is the use of several tools evidence for notational intent. For the latter, 
the question of different tools is not relevant: if the marks were made on different 
occasions, identification of the tools involved does little to resolve the notational status. 
The linchpin of d’Errico’s argument is that the use of a different tool for every mark in a 
single set should be taken as evidence that the marks refer to temporally discrete events. It 
would help to have some additional, independent corroboration of this postulate of different 
tools. This brings us back to Marshack’s approach of comparing degrees of use wear 
between different marks, which would provide a means of sequencing and recognizing 
cumulative sets that are likely to be notational. It is here that future efforts might be most 
profitably focused. In the end, the traceology of the supposedly notational marks cannot 
resolve the issue because neither different striations nor different tool point morphologies 
prove the use of different tools. A tool point may have been subjected to micro-spalling or 
its orientation relative to the medium may be changed, resulting in a different striation 
signature. Therefore, contrary to both Marshack and d’Errico, traceology can only 
demonstrate the application of the same tool; it must remain mute on the use of different 
tools. 

I have applied this tribological methodology to panels of stone tool markings made on 
relatively soft wall panels in various caves, using light microscopy where necessary. A 
significant problem in the microscopic study of rock art is that very few researchers 
worldwide have ever followed me in taking optical microscopes into the field. (In fact all 
of them are former students of mine.) This is a fair indication of the embryonic state of 
rock art science, because without effective field microscopy the discipline holds little 
scientific promise. What deters nearly all practitioners from availing themselves of this 
most important facility is the lack of standard microscopes that are suitable to take to sites 
and apply to immovable rock surfaces; and the logistical barriers of setting up equipment 
in often remote and usually poorly accessible places (Figure 75). Not having been to a 
single rock art site without at least one microscope (usually several) since about 1988, i.e., 
to many hundreds of sites spread over all continents except Antarctica, I believe that such 
equipment is indispensable in most scientific work with rock art. 
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Figure 75. Field microscopy of rock art at Rupe Magne, Grosio, northern Italy. 


Figure 76 illustrates the tribological analysis of striations in a set of abraded rock 
markings that can be adequately examined at the macroscopic level. A cluster of tool marks 
on a wall in Nung-kol Cave near Mount Gambier, South Australia, is analyzed in an attempt 
to identify the repeated application of specific tools, and to ascertain the relative sequence 
of all the marks in the group. The panel is 1.4—-1.8 m above a high rock ledge that was never 
covered by sediment, so the marks seem to have been made at adult eye level. They were 
executed when the cutaneous carbonate speleothem deposited on the wall was quite soft, 
but the precipitate stabilized before the marks lost their detail and became fully hardened. 
Thus even the faintest striations remain visible on many of the marks, which bear very 
distinctive ‘signatures’ of parallel striations (Bednarik 1992a). Where they are well enough 
preserved, repeated applications of the same tool can be identified if the tool was not rotated 
or the direction of the application not changed. In some cases, the marks are also deep 
enough to provide precise information about the contour of the tool point (at right angle to 
direction of movement). 

In this example, a number of the marks were too corroded to permit secure 
identification, but two cross-sections of tool points were determined, and five ‘striation 
prints’ were recognized in the panel depicted in Figure 76. This does not necessarily mean 
that there were five different tools involved: theoretically all marks could still relate to a 
single tool, although that is perhaps unlikely. But the marks made by consecutive applica- 
tions without altering the grip are clearly identifiable, and shown as tools 1—5. Replication 
with several potential tool materials suggested beyond reasonable doubt that all marks were 
made with local Tertiary limestone clasts (cf. Bednarik 1986c, 1987/88). However, another 
series of marks, just 2 m away, had been executed with a microcrystalline material, 
presumed to have been the locally occurring chert. 
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Figure 76. Internal analysis of a small panel of tool markings on formerly soft wall deposit in Nung-kol 
Cave, South Australia. In this example, the art production sequence has been reconstructed. Where 
striation patterns are preserved, five tool points have been identified, numbered 1-5. All marks were 
executed from top to bottom, using clasts of aeolian limestone. The cross-sections of the tips of two 
tools were determined, and are shown below (tool No. 1 and tool No. 2). 


Using the same tribological technique at Orchestra Shell Cave yielded more detailed 
results. As noted above, the main corpus of rock markings in the main part of the cave 
consists of typical finger flutings, but had been attributed to hand-held animal paws 
previous to my 1978 examination. In 1984 I decided to conduct a more thorough study and 
discovered a new part of the cave, now named O.S.C. West Cave. It was found to contain 
two panels of rock markings that were subjected to detailed examination, determining the 
agency of each single marking (Bednarik 1987/88). The mapping of one densely covered 
vertical panel distinguished between three forms of finger flutings (long vertical sets, 
horizontal sets, mostly unstructured flutings), two areas of animal scratches, and a narrow 
band of tool marks. 

Unidentified rock markings were also reported from another cave in Australia’s 
extreme southwest, Mandurah Cave south of Perth (also called Morfitt’s Cave; Morse 
1984). Upon tribological examination it was found to contain four surviving concentrations 
of roof markings (Bednarik 1987/88). One comprises only bat marks, the other three are 
anthropogenic. Panel 1 features a few clearly discernible finger markings, completely 
hardened and well preserved. Providing finger widths of about 15 mm, they seem to 
originate from a single hand. Panel 2 comprises hundreds of mostly short grooves, executed 
with relatively blunt tools, with striations clearly visible in more than half of them. Again, 
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many marks in close vicinity were made with the same tool point, judging by their 
tribological signatures. The panel’s central group is so well preserved that the scrapings 
along the groove edges demonstrate the consistency of the medium at the time these marks 
were made. The grooves vary greatly in width and cross-section, ranging from 1.5 mm to 
about 7.0 mm, but most cluster around 5 mm width. A few impact marks show where the 
ceiling was struck without abrasive action, indicating that a relatively blunt point was 
involved. Although it was not possible to exclude the involvement of a larger number of 
tools, a minimum of two different points could be demonstrated (Figure 77). 





Figure 77. Tool markings on the ceiling of Mandurah Cave, southwestern Australia. 


I conducted replicative experiments at Mandurah Cave, using as the medium a material 
of a consistency similar to the moonmilk at the time it was marked (in fact I used a soft 
kind of cheese that happened to be at hand). I applied the end of a green tree branch, of a 
dry tree branch, polished wood (a boomerang), chert flakes, and clasts of the local 
limestone from the cave’s floor. The last-mentioned matched the striation spacings and 
patterning of the rock markings quite clearly, whereas the other materials tried yielded very 
different markings. Again, as we have seen before, tribological observations need to be 
complemented by replicative work to secure meaningful findings. There is another, much 
smaller panel of humanly made ceiling markings nearby, of poor preservation, which 
seems to include a few finger markings. However, much of the cave’s ceiling is covered 
by carbonate precipitate that clearly postdates the human markings. It is therefore possible 
that these petroglyphs were in the past much more extensive but have been selectively 
concealed by subsequent speleothem growth. There are many other cave sites combining 
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the occurrence of finger fluting with tool marks made either with limestone clasts or chert 
flakes, especially in Australia; in fact, the two types of traces co-occur in eleven caves, on 
current evidence. Both of these are highly susceptible to detailed tribological analysis. 
They are not, however, the only forms of rock art offering such potential. 


THE TRIBOLOGY OF CUPULES 


In Chapter 2 we briefly visited the subject of cupules in the context of their 
discrimination from potholes, a purely natural (geological) phenomenon. Just as potholes 
are eminently suitable for tribological study, so are cupules, and in fact such study has 
acquired a special status lately. Besides occurring in five Australian caves and about twenty 
in Europe, cupules are the most common form of rock art found in the world. They occur 
in astronomical numbers on rock surfaces of all continents except Antarctica, and they 
seem to have been produced by many if not most traditions of humanity since the Lower 
Paleolithic, i.e., for literally hundreds of millennia. One would think that their abundance 
would have attracted the attention of researchers, but they are in fact among the most 
neglected aspects of rock art. Our credible understanding of their meaning is severely 
limited, in fact nearly all of the more than seventy interpretations I have found in the 
‘specialist’ literature are either false or very probably so, and only a few derive from 
reliable ethnographic sources (Bednarik 2010) and they cannot be extrapolated to other 
cultures. Indeed, until quite recently, the millions of cupules of the world lacked any 
scientific description, definition, or analysis. They had been given dozens of different 
names, so it was often not even clear that the same subject was being considered. Moreover, 
there are literally hundreds of examples in the literature when other cupules were 
misidentified, or perhaps more often when other phenomena were described as cupules 
(Bednarik 2008a). It is therefore appropriate to begin this discussion by presenting its 
subject in context. 

Cupules are frequently described as being hemispherical, which they are 
fundamentally not. They resemble most closely the shape of a spherical cap or dome. The 
term ‘cupules’ should be limited to cup-shaped depressions on natural rock surfaces, in 
most cases of between 2 cm and 10 cm diameter (although larger specimens are known). 
They can occur on horizontal, inclined or vertical surfaces, in or out of caves and rock- 
shelters, and a purely utilitarian function (e.g., as mortars or game boards) seems unlikely 
for them. The latter qualification defines cupules, including ‘incidental’ versions such as 
lithophones or lithophagic (related to the consumption of rock powder) marks. Their depth 
is largely a function of rock hardness (Bednarik 2008a: Figure 40): those on softer rock 
types tend to be deeper than those on hard rock types. Contrary to many claims, cupules 
were generally not produced by any abrasive process. Even the use of indirect percussion 
can reasonably be excluded for cupules or other percussion petroglyphs (Sierts 1968; Pilles 
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1976; Savvateyev 1977; Bruder 1983; Bednarik 1998b, 2008a; Weeks 2001; Kumar and 
Krishna 2014). Therefore, all cupules before the Metal Ages were apparently made by 
direct percussion or pounding with a hand-held hammer stone, except on very soft rock 
media. 

In their morphology, cupules range from the spherical dome-shaped ideal to conical 
shapes and even roughly flat-bottomed versions. The latter two are the result of the use of 
metal tools, except on very soft rock, while those made with hammer stones on hard facies 
always feature well-curved floors. Most cupules are readily identified by their rounded 
perimeters and the cracked, battered crystals on their surfaces (provided their original 
surfaces are preserved). Because of the sustained impact they have experienced, their floors 
are so smooth that they have often been described as polished, abraded, and even drilled. 
These views are easily refuted by replication experiments and field microscopy and they 
mirror superficial commentary about the technology of other petroglyph forms. However, 
the sparse information available from ethnographic sources is as unambiguous as is the 
information from replication experiments: cupules and other impact petroglyphs made with 
stone tools were made by direct percussion. This is borne out, for instance, by the cupules 
the Tewa women pounded at their kayé sites in New Mexico (Jeançon 1923; cf. Parsons 
1929; Ortiz 1969), by Mountford’s (1976) observations in the Northern Territory, and by 
mine in the Pilbara of Western Australia (Bednarik 1998b). 

In the production of a cupule on relatively hard rock it is obvious that the initial phase 
of percussion would have removed more rock dust than the subsequent phase, with 
diminishing gains as the cupule became deeper. There are four basic reasons for this. First, 
it can be assumed that most rock exposed to weathering (physico-chemical changes 
weakening the rock fabric, e.g., hydration, oxidation, removal of cement) has a weathering 
zone that is considerably less resistant to being crushed then the rock’s unaltered interior. 
Second, as the cupule deepens, the diameter tends to increase, as does the volume of rock 
mass to be removed relative to each additional unit of depth gained. This is simply 
attributable to geometry. The third factor slowing down progress derives from the 
progressively greater capacity of absorbing the kinetic energy at the sites of impact as the 
base of the deepening cupule moves deeper into the rock mass. The magnitude of this effect 
is hard to estimate, and the forth factor is even more complex. It concerns the formation of 
materials, at least on some rock types, that ‘anneals’ the floor of the cupule. At some point 
the floor commences to increase its resistance to impact because a layer that is more 
resistant to being crushed (cf. ‘composite hardness’, see below) begins to form. It is 
essentially attributable to conversion prompting the formation of tectonite. Tectonites are 
rocks containing minerals that have been affected by forces that caused their crystal 
orientations to change. This process has remained completely unknown until a very few 
years ago, and it is so important to tribology that it deserves its own chapter in the present 
volume (see next chapter). 
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Progress in cupule depth 


Figure 78. Progress in cupule depth versus required input of energy. The shaded area indicates real 
progress in depth, which remains very low beyond point B, when further progress is impeded by 
tectonite formation. 


Suffice it to summarize here that as a cupule deepens, its progress in depth, when 
plotted against the cumulative input in kinetic energy, shows an interesting pattern. The 
theory is depicted schematically in Figure 78, where curve a defines the cupule depth 
gained per amount of energy applied, based on cupule geometry alone. The initial gain near 
the surface slows gradually as depth increases, but then improves slightly with greater 
depth. Curve b delineates the predicted effects of tectonite formation, which would be 
negligible initially, but then increase strongly and eventually overtake curve a at point B. 
Beyond that depth, further deepening is severely impeded by a hardened layer. 

In gaining a better understanding of the technology of cupule production, replication 
studies are absolutely essential, and the same applies to other forms of percussion 
petroglyphs. Common sense tells us that making a petroglyph takes longer on hard rock 
than on soft, but the full significance of this important factor only becomes evident through 
such experimentation. Cupule replication has been conducted on sandstone and its 
metamorphosed version, quartzite, as well as on schist, granite, and soft limestone surfaces. 
The most consequential insight gained from such work concerns the enormous differences 
in physical effort and time between the production of cupules in hard or soft rock. In 
reviewing the technology of petroglyphs I have briefly considered the replication of 
cupules and suggested parameters for its standardization (Bednarik 1998b: 30, Figure 5). I 
demonstrated that on weathered sandstone in Bolivia, the production of a cupule and a 
hammered and abraded groove take very significantly less time than archaeologists 
believed. Having conducted such experiments on Gondwana sandstones in southern Africa, 
India, Australia and South America, I asked researchers how long they think it would take 


176 Robert G. Bednarik 


to create (a) a groove of 10 cm length and 10 mm depth, and (b) a cupule of 12 mm depth, 
on well-weathered sandstone. All estimates I was given ranged from 15 minutes to 6 hours. 
The true answers are (a) one minute and (b) two minutes. At the other end of the spectrum, 
Kumar has since undertaken detailed replication experiments on unweathered quartzite in 
central India (Kumar 2010; Kumar and Krishna 2014). The first cupule created under his 
supervision was worked to a depth of 1.9 mm, using 8490 blows in 72 minutes of actual 
working time. Cupule 2 required on the first day 8400 blows in 66 minutes and reached a 
maximum depth of 4.4 mm, after which the maker was exhausted. He continued on a 
second day for another 120 minutes, achieving a total depth of 7.4 mm (total number of 
blows not recorded). Three more cupules were made in 2004, taking respectively 6916 
blows to reach 2.55 mm depth, 1817 blows to achieve 0.05 mm (abandoned), and 21,730 
blows (over 2 days) to reach a maximal depth of 6.7 mm. The experimenters suffered 
fatigue and pain and often had to interrupt their work to rest. 

Further cupules were made in 2008, 2009, and 2012, replicating specific shapes 
observed in Daraki-Chattan Cave, a site containing 540 Paleolithic cupules which are 
among the oldest known in the world. One of these, 9.0 mm deep, involved 17,300 strokes 
in 138 minutes spread over two days; another, made by focusing on the center of the pit, 
also ended up 9.0 mm deep and required 28,327 strokes in 372 minutes. Finally, it was 
attempted to create a slightly triangular cupule, matching one of these found in the cave. 
This involved a total of 111,261 strokes over 812 minutes, but included experimentation 
with indirect percussion which proved completely ineffective. Kumar also noted that there 
were considerable differences in the effectiveness of the operator, in that a rural worker 
performed significantly better than an engineering student (by a factor of 1:1.6). We can 
reasonably assume that a Paleolithic hominin would have outperformed any modern 
operator. It follows from these detailed empirical findings that a cupule of 12 mm depth is 
likely to have required between 50,000 and 100,000 blows with a hammer stone to make, 
which would be roughly in the order of one thousand times as much as the same cupule on 
weathered sandstone. 

The production of cupules on very hard rock types was therefore a lengthy process 
demanding great physical power, accuracy, and dedication. I note in passing that the 
deepest cupule measured on very hard rock in India (at Moda Bhata, Rajasthan), occurring 
on pure white crystalline quartz, is about 100 mm deep (Bednarik et al. 2005: 181). Its 
creation involved an immense number of strokes, and the labor of many people and a good 
deal of RSI (repetitive strain injury). All of this provides a dramatic demonstration of the 
influence of the lithology on cupule production. But it also delivers another insight, one 
that we need to dwell on a little. 

We know that Mohs scale is not linearly incremental: diamond is not ten times as hard 
as talc, it is actually 4,666,666 times as hard. The scale is irregularly incremental and semi- 
logarithmic (Figure 79). A rock of hardness 7, such as quartzite, is in fact 26.6 times as 
hard as one of hardness 3, such as weathered sandstone (4000:150 on Rosiwal scale). 
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Figure 79. Comparison of the Mohs and Rosiwal scales, showing the irregular spacing of the former’s 
referents and the exponential increase in abrasion resistance, as indicated by the logarithmic scale of the 
graph. 

This explains, in part, the massive differences in the times it takes to create similar 
cupules in these two respective media. Archaeologists have great difficulty estimating the 
ages of petroglyphs, often believing them to be dozens if not hundreds of times older. Yet 
a rough approximation of petroglyph antiquity is quite easy to determine. The relative 
susceptibility of any petroglyph to erasure by natural means (be it aeolian, fluvial, marine, 
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or any other agent) is roughly proportional to the time it takes to create it (Bednarik 2012: 
79). This is a tribological axiom, both the creation and the erasure of a petroglyph are 
mostly tribological processes. Since the time required to fashion a petroglyph is a known 
variable (in the sense that it can be determined by replication), the relative longevity of a 
given petroglyph is perfectly predictable. So if it takes 400 or 1000 times as long to create 
a cupule on one rock rather than another, it will also take 400 or 1000 times as long for 
nature to obliterate it. In other words, this principle provides a rule of thumb for estimating 
the realistically possible age range of petroglyphs. For instance, if it takes minutes to 
produce a given petroglyph on schist, but hours to create the same design on granite, then 
the schist petroglyph will also weather away significantly faster than the granite motif. 
Essentially, all rocks subjected to weathering are constantly being diminished by the effects 
of atmosphere, sun, and water, and a petroglyph can be regarded as a human interference 
with natural weathering processes: it changes the rock surface artificially. Natural 
processes then continue as they would have done, and gradually obliterate the petroglyph. 
At some point in time it will inevitably disappear altogether. All other things being equal, 
the time for this to occur will be in proportion to the time it took to create the petroglyph: 
if the ratio is 1:400 for production time, it will be roughly the same for erasure time. 

To illustrate with an example: we have numerous equine and bovine petroglyphs in 
Europe (and some more from Asia), occurring on schist or slate, fully exposed to the rain, 
which archaeologists fervently claim to be Paleolithic and thus dating from the Pleistocene 
(e.g., at Gondershausen, Siega Verde, Domingo Garcia, Mazouco, Piedras Blancas, 
Carbonero Mayor, Bernardos, Ortigosa, Ocreza, and many of the Côa sites; for refutations 
see Bednarik 2015, 2016b, 2017). These low-metamorphism rocks revert to mud when 
exposed to hydration, their surfaces are worn away gradually. Similar quadruped 
petroglyphs on the granite walls of the major petroglyph site Castro, near Yecla de Yeltes 
in western Spain must be under 2000 years old because the walls on which they were made 
are Roman or post-Roman. Yet these historical petroglyphs on granite are more weathered 
than the supposedly Paleolithic figures on slate and schist nearby at sites in the Côa and 
Agueda valleys (Figure 80). Such absurd claims could have been avoided if the hundreds 
of archaeologists concerned had consulted the effects of lithology on the longevity of rock 
art. 

The amount of physical energy invested in the creation of cupules is determined 
directly by two factors: the ‘composite hardness’ of the rock (i.e., its resistance to being 
crushed) and the amount of mass removed in the process. This correlation is approximately 
quantifiable. The cupule, as noted, most closely resembles a spherical cap or dome. To 
determine its volume, the following formula applies: 


V = r d/6 BF +a) (3), 


in which r = mean radius at rim, d = cupule depth, and V = cupule volume 
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Figure 80. Purported equine petroglyphs on granite blocks in the walls of the Castro fortifications, built 
less than 2000 years ago in western Spain, almost unrecognizable today. 


The mean radius is close to half the sum of maximum and minimum radii measured at right 
angles to each other. The inaccuracy of applying this formula to cupules is not crucial, 
because the error is systematic and therefore has little skewing effect on outcomes. That 
error is attributable in part to the flaring out of the cupule section towards the rim and the 
shape of its nadir region, elements that are similarly biased in most specimens. This leaves 
the variability of the diameter to depth ratio as the only major factor capable of significantly 
distorting the volume estimation by this formula. This factor is fundamentally affected by 
the rock’s ‘composite hardness index’. There is no effect at all when the rock is hard—say, 
hardness 5 or above on Mohs scale—but on softer rock cupule depths tend to be decidedly 
greater: the ability to increase depth while maintaining diameter is markedly enhanced. 

The factor to be correlated with the cupule volume V is the rock hardness, and this 
predictive relationship can be expressed by the production coefficient p: 


p=VO (4), 


in which @ is an expression of ‘composite hardness index’. Rock hardness is not a single 
material attribute, but is a rather complex articulation of several factors, essentially a 
measure of how resistant rock is to various kinds of permanent shape change when a 
compressive force is applied to it. These factors include toughness, strength, ductility, 
scratch or abrasion resistance (as measured by the Rosiwal scale), indentation hardness 
(measured by the Brinell scale and expressed in BHN, or measured by the Vickers test and 
expressed in kg/mm?) and brittleness factor (Iyengar and Raviraj 2001). The simple 
standard test of rock hardness, Mohs scale, reflects the range quite inadequately, as a 
comparison with the ‘absolute abrasion hardness’ of Rosiwal (1898) readily demonstrates 
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(cf. Figure 79). The Rosiwal scale is accurate to within 1—-2%. For instance, Mohs hardness 
7 (e.g., quartz) is 4000 times harder than Mohs hardness 1 (talc), and quartz is 3.24 times 
as hard as feldspar (Mohs hardness 6). The increases of rock hardness in Mohs scale are 
exponential but also irregular, and petroglyph production times increase correspondingly 
as one works with harder rocks. 

We have noted that to produce a cupule of 12 mm depth on quartzite takes hundreds 
of times longer than to do the same on weathered sandstone. The quartzite is ‘only’ 26.6 
times ‘harder’ than the sandstone, which implies that there must be other factors as well 
that influence the level of energy required. Abrasion hardness alone does not determine 
resistance to compressive force. Indentation hardness and brittleness factor (Kp) must also 
play major roles, the latter being the ratio of the uniaxial compressive strength and the 
uniaxial tensile strength. The combined effects of all factors cannot be measured; it can be 
expressed as the composite hardness index 6, which can only be estimated experimentally. 
The matter is complicated by the characteristics especially of coarse-grained rocks, which 
are not well mixed on the scale represented by a sampled thin section. 

Another aspect of cupule (or other petroglyph) replication is that the energy applied in 
their production can be estimated. Kinetic energy is the ability of a given mass in motion 
to have a physical effect: 


E.=M v? (5), 


in which M = quantity of mass in motion, v = velocity in straight line, and Ex = kinetic 
energy. This aspect of petroglyph research has so far remained unexplored, including in 
the work referred to here. However, to underline the importance of replication, and in 
preparation for subsequent argument in the next chapter, a theoretical consideration may 
be useful here. If it is assumed that each stroke in the making of a cupule delivered, as a 
reasonable estimate, 0.4 N, the total force to bear on an average cupule of 12 mm depth on 
unweathered quartzite would have been in the order of 20 to 40 KN, focused on a small 
area of perhaps 15 cm’. As per Newton’s second law of motion this corresponds to 20,000- 
40,000 kg-m/s”, which is a rather great force applied to a rather small surface area. This 
leads to the tribological effects of focusing this massive impact of kinetic energy on a small 
area of rock surface. 

They will be the core subject of the next chapter, but at this point I wish to emphasize 
that the entire discussion of the technology of cupule production is in fact a subject of 
tribology: the complex relationships between medium and energy applied, the design and 
execution of replication experiments, the need to determine what precisely happens at the 
interface between the two surfaces in relative motion. By now it will have become apparent 
that little scientific progress is possible in the study of cupules without comprehensive input 
from tribology. Archaeology may invent all kinds of explanations and interpretations, 
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offering no means of testing of falsifying them. The credible study of all rock art begins 
with the sciences, and tribology is indispensable here. 


THE TRIBOLOGY OF ROCK ART 


Prefacing the exploration of rock art by first discussing cupules was a deliberate 
strategy. Cupules are not only the conceptually or technologically simplest form of rock 
art; we know that the intent in producing them was generally to keep them as small in 
diameter as humanly possible, with the tools available; and to penetrate as deeply as 
possible into the rock. No such clearly demonstrated underlying intent can be postulated 
for other forms of rock art. Therefore, the variables involved in making or using cupules 
would be expected to be less complex than those enmeshed in the production of apparently 
much more multifarious kinds of percussion petroglyphs. While many of the factors we 
have examined that relate to cupules are equally relevant to any other petroglyph made by 
impact, their effects or influence seem much easier to account for in a simple mark. 

Percussion petroglyphs range from the humble cupule (despite its obvious simplicity 
it can safely be assumed to have had complex functions in the many cultures that produced 
cupules; and Luuk 2013 has correctly pointed out that they cannot be the result of some 
doodling-like behavior) to the largest petroglyph known in the world, which occurs at the 
Atures Rapids in the Amazonian Orinoco River that runs through western Venezuela and 
is about 30 m long. However, most petroglyphs occupy less than one square meter in area. 
Despite the great range of size and content, all impact petroglyphs appear to have been 
made by direct percussion, i.e., with hand-held hammer stones. Thousands of these tools 
have been found at the foot of petroglyph panels (e.g., Bednarik 1998b), and in many cases 
excavated from adjacent sediment deposits (e.g., Bednarik et al. 2005). There is no credible 
evidence that indirect percussion, in which a stone chisel or punch is held in one hand and 
a hammer stone in the other, was ever used: no bipolar stone chisels have been reported 
from petroglyph sites, and all replication experiments with indirect percussion proved the 
method ineffective, as mentioned above. 

Precisely the same technological considerations we have reviewed above for cupules 
apply to all other percussion petroglyphs. The importance of the relationships between the 
‘aggregate hardness’ of the rock media, production times of petroglyphs, total volume of 
grooves, kinetic energy expended, and perhaps even the formation of tectonite layers 
extends to all rock art created by kinetic impact. Again, toughness, strength, ductility, 
scratch or abrasion resistance, indentation hardness, and brittleness factor of the medium 
all need to be considered. Again, it can be seen that this complex aggregate of variables is 
what defines a scientific access to the interpretation of the rock art, and there are no credible 
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shortcuts. However daunting this task may appear, it is certainly not beyond the means 
available to us today. Most of these variables are available from geological material testing 
and structural engineering fields, and from tribology itself. Perhaps the most daunting 
variable is that of the total volume of the grooves of petroglyphs. Relatively easy to 
establish in cupules, the investigator has to confront a different magnitude of difficulties in 
the case of larger petroglyphs. And yet, the solution is well within present-day capabilities. 
The basic methodology of defining groove sections of petroglyphs has been available for 
some time (e.g., Urbani 1998; Kitzler 2000), using such indices as the symmetry index, 
sharpness index, V-shape index, and flatness index. Extrapolating from this basis is 
realistically possible by developing digital photogrammetry (Chandler et al. 2005), 3D 
laser scanning equipment (Trinks et al. 2005; Plets et al. 2012), or morphological residual 
modelling (Caninas et al. 2016). Precision may remain lacking, but the softwares for these 
applications would be able to yield volumetric data by making reasonable predictions of 
the former rock surface microtopography, and computing the volume of grooves from its 
3D matrixes. Greater precision can be achieved by applying laser microscopy, which also 
quantifies groove topography (Steguweit 1999). The method has been developed for 
metallurgical analysis. It provides reference profiles at any intervals as well as 3D 
modelling matrixes of individual sectors measuring 1.2 x 1.2 mm. Individual 
measurements can be made to an accuracy of one tenth of a micron (one 10,000th of a 
mm). 

The remaining variables of the scientific properties of petroglyphs are also accessible 
by conventional methodology, derived mostly from the practices of material testing. With 
input from tribology, these variables would be manageable and petroglyph properties 
would become accessible to scientific analysis. This applies to both percussion and 
abrasion petroglyphs. While the former include bruisings, and poundings (but probably no 
peckings), the latter include engravings, scratchings, and polished aspects (but definitely 
no ‘carvings’ or ‘etchings’). There is no hard and fast separation of motifs made by impact 
and abrasion, even though the two work processes are distinctly different. Many 
petroglyphs are initially made by percussion and as the grooves form, abrasion is added to 
connect the puncture marks. Tribologically the two techniques are very different. 
Percussion involves kinetic force that fractures crystals by compression, releasing also 
small amounts of heat and creating mineral dust and small debris. There is no need for the 
tool to be harder than the rock medium being worked. In abrasion, by contrast, the tool 
must be harder than the medium. Since tools of a hardness in excess of 7 on Mohs scale 
are very rare in nature, abrasion petroglyphs on rock of that abrasion resistance are either 
extremely rare or do not exist at all. The production of abrasion petroglyphs therefore 
occurs through asperities on the tools’ working surface as they score into the medium and 
remove mass in the process. At the same time, damage also occurs at the surface of the 
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abrading tool, and is especially focused on the effective asperities and projections, which 
may shatter or be subjected to preferential wear. Thus both the interacting surfaces are 
affected, but the medium (passive partner) more so than the tool (the active partner). 

We have already reviewed the tool markings in caves, a specific and often remarkably 
well preserved form of abrasion petroglyphs. In the previous chapter we have also 
considered the abrasion markings on portable objects of various materials. Much of what 
has been said about these classes of tribological phenomena applies to all petroglyphs 
created by abrasion. Where preservation conditions have allowed this, striations should be 
detectable. The main difference between the tool marks in caves and engravings exposed 
to weathering is that the latter tend to be much more affected by erosive forces, whereas 
weathering inside caves is minimal. Abrasion petroglyphs are even more suited to 
morphological studies of their grooves than are percussion petroglyphs. Their topography 
tends to display more continuity and digital photogrammetry, 3D laser scanning, 
morphological residual modelling, and laser microscopy are all well suited for analyzing 
them and to isolate such features as striations and stick-slip phenomena in them. 

At this point it is useful to diverge to a different aspect of petroglyphs, their age 
estimation. The dating of rock art is not directly relevant to its tribology, but the 
methodology is. Numerous methods have been applied to this task, and most have been 
found to perform poorly. The approximate age of rock art is among the most crucial 
information about it, because without it, rock art has no archaeological role: it simply 
cannot be slotted into archaeological narratives of the past. Until the 1980s, most dating 
claims for rock art were by indirect and thus untestable means: pareidolically perceived 
iconography, style, technique, and proximity offered no scientific (testable) propositions. 
Patination, weathering, and superimposition provided a valid relative framework, but no 
actual datings; and in rare cases excavation supplied credible minimum dating. In the early 
1980s I introduced an alternative, scientific approach, called ‘direct dating’. This is 
contingent on two prerequisites. First, the physical relationship of the art and the dating 
criterion must be direct and indisputable. Second, the propositions made concerning the 
chronological relationship of the rock art and the dating criterion (which may be a paint 
binder, or the fracture surfaces caused by the impact used to make a petroglyph) must be 
scientifically testable (Bednarik 1981b, 1984, 1985). The rigor of the second requirement 
excludes numerous claims about rock art age. For instance, the radiocarbon content of 
mineral-based rock paint residues should never be assumed to refer to the age of the rock 
art concerned: I have demonstrated that the organic content of rock surface layers and 
deposits reflects numerous substances that are not relevant (Bednarik 1979). Even the 
radiocarbon ‘age’ of charcoal pigment does not necessarily provide the age of the motif it 
derives from. There are numerous reasons why it may be inaccurate, or even why it may 
be wrong by millennia. In other words, the postulates concerning the chronological 
relationship of rock art and dating criterion are not assured. For instance, the charcoal used 
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may have been on the floor of the site for thousands of years; and its radiocarbon ‘age’ is 
not related to the carbonization of the wood, but to the assimilation process that created it. 

What has emerged over the years is that the most credible way of estimating the age of 
rock art is through the application of geomorphic methods to petroglyphs. Common sense 
might suggest that rock paintings (pictograms) should be easier to date, because they 
present a substance added to the rock surface that can be analyzed. Petroglyphs, having 
been created by a reductive process, provide no substance dating from their time of 
production. But many do offer surfaces that were created at the very moment the petroglyph 
was completed, and these surfaces were then subjected to weathering processes: the 
solution of some components, the deposition of accretionary deposits. Their weathering 
conversions began the day the rock art was made, and have continued to the present, 
provided the petroglyph was always exposed to the weather. Therefore, if ways can be 
found to quantify the changes and to calibrate them somehow to relate them to the time 
taken, an approximate antiquity of the petroglyph can be determined. 

These were my considerations in the late 1980s when I looked for solutions to the 
ongoing controversies about rock art dating (which, conversely, are still continuing today). 
I had become aware of the blunting of initially sharp edges of fractured crystals as material 
is dissolved by water. The product of this process is called a ‘wane’, and it is formed 
because the solution proceeds much faster from the edge than from the flat surfaces 
forming the edge. The process can be likened to the effect of dipping a sugar cube into 
coffee and then breaking it to observe the rounding effect inwards of the corners. The same 
physical laws that govern the faster penetration of prominent aspects apply also to the 
relative rates of heat transfer in a solid: heat, too, penetrates faster from the corners. Indeed, 
these laws also apply to practical problems such as how to design the geometry of the heat 
tiles on a space craft; they are universal laws of physics. 

It took me years to find a solution to define them. Having noticed that micro-wanes 
developed on fractured mineral crystals, I had to find a way of quantifying the process. 
Common sense told me that the increase in wane size would initially be faster and then 
slow down as the wane became larger. The problem was simply that the solution did not 
only occur at the edge; the flat sides forming the edge also retreated, so there appeared to 
be no way of determining where they would have been at the beginning of the process. In 
1989 I found a way of overcoming this significant obstacle, by inventing a co-efficient 8 
expressing the relative retreat versus the angle a of the sides forming the angle of the 
broken edge (Figure 81). 

In wane formation, the ratio /:r is constant for any angle a, irrespective of distance of 
the retreat of the faces or the edge. Ratio x:z is a function of a, and at a=60°, x=2z. 
Dimension x can now be expressed in algebraic fashion: 
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Figure 81. Diagram depicting the laws of wane formation in a simplified fashion. 
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The prediction of the co-efficient J defining the relative retreat is now possible, and it 
expresses the rate of wane development relative to general surface retreat: 


ae r 
ee (<=) (7) 


This falsifies my prediction that wane size increase should diminish with time, and 
proves geometrically that, all other things being equal, wane size is a direct and linear 
function of time. Of the dimensions relevant to wane size, wane-width A is the easiest to 
measure in the field. The microerosion analyst begins by scanning the petroglyph floor 
microscopically to locate crystals of quartz or feldspar, the only minerals so far calibrated. 
These crystals must have been fractured or truncated by abrasion, on which edges of about 
90° need to be located. Promising locations are marked with tiny plasticine pointers and an 
especially adapted binocular light microscope is placed over them. A series of wane-width 
measurements is taken along a suitable edge, a mean value is calculated from them and 
placed in a calibration curve for the region in question. The microerosion calibration values 
are secured in the same way, from quartz or feldspar crystals fractured or abraded at a 


186 Robert G. Bednarik 


precisely or at least approximately known time. Calibration surfaces used have included 
ancient rock inscriptions in China, Portugal, and Saudi Arabia; Roman bridges, rock 
monuments, and glacial striae. However, in recent years it has been discovered that these 
calibration determinations are so closely correlated with local mean annual rainfall that a 
universal calibration for quartz has been established that can be applied where it seems 
impossible to secure suitable calibration sites (Beaumont and Bednarik 2015) (Figure 82). 
The microerosion method was first applied in Karelia, Russia, in 1990 (Bednarik 1992b, 
1993b) and has since been used in all continents except Antarctica. It has also been 
subjected to five blind tests, in which the expectations of archaeologists were met in four 
cases, but rejected in the fifth. Today the method provides the cornerstone of the work by 
the International Center for Rock Art Dating (ICRAD) at Hebei Normal University, 
Shijiazhuang, China, and has been successfully applied to many hundreds of petroglyphs 
(Bednarik 1992b, 1993b, 2007, etc.; Tang and Gao 2004; Tang and Mei 2008; Tang 2012; 
Tang et al. 2014, 2017, 2018; Jin et al. 2016; Jin and Chao 2019). 
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Figure 82. Microerosion coefficients of Ha’il, Saudi Arabia (a); Spear Hill, Australia (b); Deyunshan, 
China (c); Grosio, Italy (d); and Vila Real, Portugal (e); as the function of respective annual 
precipitation data. 
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Rock art dating is not directly relevant to the tribology of rock art, but this diversion is 
intended to illustrate how novel solutions can be found for apparently intractable issues in 
rock art science. They can even lead to solutions not connected with rock art. As noted, the 
tribology of petroglyphs is a subject not addressed in any consequential fashion until now, 
and yet all petroglyphs are tribological phenomena. They are the result of interaction 
between two surfaces in relative motion; either tribology accommodates them and other 
tribological topics (such as numerous geological and archaeological phenomena), or the 
discipline needs to be renamed ‘non-geological/archaeological tribology’, or perhaps better 
still, ‘machine tribology’. If this scientific discipline is to be whole, its integrity demands 
that major fields such as petroglyph production and many others described in this volume 
need to become concerns of tribology. 

The same applies to the second half of rock art, that part which consists of motifs made 
by an additive process: a substance was added to the rock surface rather than removed from 
it. That class of rock art is called pictogram, and it includes rock paintings, pigment 
stencils, pigment prints, dry pigment rock drawings, and designs created with other 
substances, such as beeswax or clay. Irrespective of which technique was used or which 
substance was applied to the rock surface, the process was always one of tribology and 
forensics: it involved a transfer of material, as per Locard’s principle. 

Consider for instance rock paintings, in which, first, pigment such as iron-oxide or 
charcoal or any one of many other mineral or organic substances was ground to a fine 
powder, obviously a tribological process that in many cases left prominent striation 
markings on lumps of the material used and that may have also resulted in pigment 
deposition on mortars and pestles used in the reduction process. Some source materials 
were subjected to pre-treatment before being ground, for instance by heating to convert 
goethite to hematite, or extraction from siderolithic sands and clays (Lorblanchet et al. 
1990). The fine particles obtained by crushing and grinding were then mixed with a diluent, 
most often water, and a number of additives may have been included in the resulting paste. 
They could have been extenders, adhesives, or binders, or substances prescribed by ritual 
practices. The pigment paste was then applied to rock surfaces, using either a brush or 
applicator of some kind, or by dipping fingers into the paint and wiping it onto the rock. 
That process, again, is one of tribology, and tends to result in tell-tale details revealing 
various minutiae about the event of paint application. For instance, finger smudges can 
feature stick-slip signs in the form of tear marks similar to those seen in finger flutings on 
moonmilk (as described above). Various types of brushes, such as feathers, chewed ends 
of twigs, grass stalks or seed pods and so forth may leave diagnostic features on the rock. 

Pigmented stencils are another very common form of pictogram, created by propelled 
droplets of thin pigment paste. An alternative method is sometimes described in the 
literature, in which dry pigment dust is blown onto the rock surface from a tube. However, 
replication suggests that this is an unlikely candidate, and that stencils were perhaps 
generally made by placing the liquid in the mouth and spraying it onto the rock through 
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pursed lips, controlling its flow and dispersion skillfully. All rock stencils are made by 
pressing an object against the rock and spraying paint around its edges, thus creating a 
negative image of its silhouette. They are therefore sometimes called ‘negatives’. The 
objects being stenciled in this way differ greatly, but by far the most common is the human 
hand. Hand stencils occur in all continents except Antarctica, and in many rock art corpora 
they are found in immense numbers. They were made in the Pleistocene of various regions 
and have still been created in most recent years in some of them. In some traditions they 
form deliberate arrangements but the majority are distributed randomly (Figure 83). 





Figure 83. Hand stencils and hand prints at Kulpi Mara, Levi Range, Northern Territory, Australia 
(photo by R. G. Gunn). 


Of particular interest are those that have been called mutilated hand stencils, because 
it was thought that in Paleolithic Europe they indicated amputated fingers, either 
accidentally or deliberately removed. It has also been speculated that the loss of fingers 
might be attributed to frostbite or leprosy. However, ethnography suggests an Occam’s 
razor explanation: in parts of Australia the supposedly mutilated hands were not maimed 
at all: the fingers were carefully folded and hidden to provide variant hand stencils referring 
to a silent sign language such as used during the hunt. Wright (1985; cf. Sahly 1969; Pradel 
1975; Walsh 1979) provides evidence leading to the proposition that in eastern Australia, 
a large number of these variant hand motifs denote the totemic affiliation and level of 
initiation attained by the artist. It is true, he notes, that amputation was practiced by a few 
Queensland tribes, essentially for two reasons: either for tribal identification (as among the 
Ko-bro section of the Dallebura tribe), or a little finger was amputated on females to 
distinguish coastal tribes from inland ones, or to signify betrothal or marriage. However, 
the variant hand stencils are quite different from these isolated practices, and Wright (1985) 
presents a convincing case for them representing a sign language. Certainly alternative 
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explanations do remain possible in various world regions, but they seem much less likely, 
given the ubiquity of sign languages among hunting societies. 

Another aspect of hand stencils is the proposition that certain details of their makers 
can be determined. Certainly they provide, within limits defined by the fuzziness of their 
outlines, sound metrical data. Since there are significant size differences in the hands of 
juveniles and adults, and since hand stencils of very small infants are known from the rock 
art, it is reasonable to apply these measurements to demographic studies of the people who 
made the stencils. Henneberg and Mathers (1994) and Gunn (2006) have considered the 
difficulties of interpreting metrical data secured from hand stencils and arrived at the view 
that only broad age determinations are possible. These are, nevertheless, sufficient to show 
that literally all known and measurable 201 Paleolithic hand stencils in 30 Spanish, French 
and Italian caves are by either children or teenagers (Bednarik 2008b). 

It has also been tried to determine the sex of the makers of hand stencils—even the sex 
of finger fluters (Van Gelder and Sharpe 2009). This was attempted by comparing the 
relative lengths of the index and second (ring) finger (Peters et al. 2002). However, there 
are various problems with this methodology. To begin with, the hypothesis is contradicted 
by ethnographic data, for instance from Australia (Gunn 2006). It has also been proposed 
that sexual orientation can influence finger length ratios (Williams et al. 2000; Robinson 
and Manning 2000). Therefore, this would be an inherently unreliable sex indicator, even 
if we would know that it applied to all members of Homo sapiens sapiens—which we do 
not. Moreover, it is rarely possible to be certain whether a set of finger flutings is of the 
right or left hand, and some fingers may be slightly bent, or the rock surface may be uneven, 
or preservation conditions may make precise measurements impossible. Much the same 
applies to hand stencils: it is always assumed that the hands were pressed with palms 
against the rock, but this is not necessarily correct, in which case left and right hands are 
indistinguishable. However, the main reason for rejecting these endeavors is that hand 
stencils lack the required precision to apply the method precisely, due to factors such as 
overspray, unevenness of rock, and different finger attitudes (Henneberg and Mathers 
1994; Gunn 2006). Chazine and Noury (2006) applied the hypothesis to hand stencils in 
Indonesia and claimed ratios of 0.96 for males, significantly different from previous claims, 
but in fact their mean is 2D:4D = 0.98 in males, i.e., only 0.02 different from females. The 
dimensional variations noted by Gunn, attributable to rock surface texture and topography, 
are well above the anatomical differences, and Gunn (2006) has experimentally recorded 
coefficients of variance of 2.6 to 4.0 for specific attributes of hand stencils. Consequently, 
it is correct to say that approximate age of a hand stencil maker can, with some 
qualifications, be estimated, but the determination of sex remains less secure if at all 
possible (cf. also Nelson et al. 2006; Galeta et al. 2014). 

Hands are not the only human body parts to be seen stenciled in rock art. Arms can be 
found attached to hands, feet have been stenciled, and in Australia the images of entire 
persons have been created as stencils. But in addition to these human subjects, there is a 
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vast array of other objects one can find stencils of. This kind of rock art is most highly 
developed in Australia, especially in Queensland. One encounters body parts of animals, 
even whole small animals, and there is a vast array of material objects. Common among 
the former are feet of emus and macropods, while the latter feature weapons and other 
artifacts, such as pearl-shell pendants. In the most recent Australian rock art, called ‘contact 
art’, one can find stencils of everyday European artifacts (Figure 84). 

Hand images are not limited to stencils; prints of hands also occur in world rock art, 
although not as commonly as hand stencils (cf. Figure 83). They are made by dipping the 
hand in paint or coating it in paint, and then pressing at against the rock. In this technique 
we can be much more confident that the hand was applied palm down. Again, metrical 
indices are imprecise, because they depend on variables in application and preservation. In 
southwestern U.S.A. and one region of central Australia, an unusual variant of patterned 
hand prints has been reported (Grant 1967; Gunn 1998). Gunn demonstrated that the most 
likely method used was that after the paint had been applied to the palm of the hand, the 
pattern was scraped directly onto the pigmented hand, prior to the hand being pressed onto 
the rock wall. 





Figure 84. Contact rock art in unnamed rock-shelter, Princess Charlotte Bay, northern Queensland, 
Australia. 


All of these techniques involve tribology in one way or another, and that also applies 
to other methods of creating pictograms. In particular, the production of rock drawings 
with dry pigment crayons again brings into play the tribological details of the process. A 
hand-held piece of pigment, such as a stick bearing charcoal at its end or a pebble of 
hematite, is drawn over the rock panel. The asperities of the rock, which in this case 
represents the ‘tool’, remove a small amount of material from the pigment which remains 
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attached to recesses of the rock. A pattern is created in this way, without the use of a diluent 
or other addition or the need for any preparations. Since this is a less effective procedure 
of pigment application than painting, spraying, or printing, such drawings are more 
susceptible to deterioration. The dry application prevents the penetration of the rock fabric, 
which is particularly effective on porous sandstones and limestones as well as on well- 
weathered other rocks. Thus retention of the pigment particles depends essentially on their 
adhesion to the rock. 

Finally, an unusual form of pictogram is limited to four regions of northern Australia, 
the Kimberley, Victoria River district, Arnhem Land and Cape York Peninsula. In this 
method, the collected fresh wax of wild bees was kneaded into small strips or lumps and 
then pressed firmly onto the rock, shaped into images or added to painted motifs. 
Adherence of this material is good and such beeswax figures have been dated to up to 4000 
years old. What renders these particularly interesting is that they are the most soundly 
datable form of rock art. This is because the wax needs to be fresh when used, and the 
quantity available for radiocarbon analysis is considerable. In fact, it is so substantial that 
contamination by airborne substances, microbes, and so forth can be either mechanically 
excluded or discounted because of its very minor influence on results. The same does not 
apply to other samples taken from rock art, which are invariably more contaminated. Only 
charcoal pigment can be expected to provide reasonably credible age estimates, although 
materials sealed in by silica or oxalate may also provide sound results. 
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Chapter 5 


KINETIC ENERGY METAMORPHOSIS 


ABSTRACT 


The phenomenon of kinetic energy metamorphosis (KEM) was initially observed in 
percussion rock art, but has since been demonstrated to occur much more widely in 
geological contexts. This chapter presents the history of the discovery that weathering- 
resistant surface layers found in intensively hammered petroglyphs and on other heavily 
battered metamorphosed rocks are the result of kinetic energy-induced tribological 
reactions. It is reported that samples show evidence of crystallization by ductility of 
formerly amorphous silica cement, yielding a tectonite of fully crystalline quartz. In 
presenting a case study of the effects of tribological work in rock art, archaeology and 
geology, the chapter explores the processes involved in KEM. The implications of these 
findings are also investigated, including material preservation, or the effects on petroglyph 
production. 


Keywords: kinetic energy metamorphosis, KEM product, cupule, indragarh paleochannel, 
glacial polish, tribology 


TECTONITE FORMATION IN CUPULES 


The discovery of kinetic energy metamorphosis derives from observations made in 
several parts of the world of a phenomenon that could not be explained in traditional terms. 
That phenomenon was first noticed at the central Bolivian petroglyph site Inca Huasi in 
1987 (Bednarik 1988). Located near the town of Mizque, the sandstone site was formed 
where the Uyuchama River meets a dike of dense quartzite that extends for several 
kilometers up a nearby mountain. The dike deflected the eroding power of the river and 
protected a low ridge of sandstone from it. The brown-patinated slope of that ridge bears 
numerous petroglyphs, including a significant number of cupules. The dike, between 1.0 
and 1.5 m wide, that separates the ridge and the river, features several dozen more cupules 
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on its upper surfaces, but these are considerably older. Whereas those on the sandstone are 
largely arranged in rows and together with other motifs, the cupules on the dike are 
randomly distributed. Some of these hardly patinated quartzite cupules feature a layer of 
material that seems to differ in its properties from the rock. Most obviously it appears to 
be more resistant to weathering, as the surface surrounding the cupule has retreated by 
several millimeters. The layer in the cupules, by contrast, still features the original cupule 
floors, recognizable by impact-fractured grains on their floors. 

The context provides sketchy information about the relative ages of the rock art 
traditions. Just above the site, immediately to its west, occurs a sloping sandstone pavement 
featuring several horizontal, polished grinding dishes, each measuring around 50 or 60 cm 
maximum. As these are better preserved than the recent petroglyphs on the same rock type 
they are younger then the cupules, circles and wave lines on the sandstone below. One of 
these polished surfaces has yielded a microerosion age of E1028 + 300 years (Bednarik 
2000), using the Grosio calibration value from Italy (Bednarik 1997). The cement retreat 
of the recent petroglyphs is estimated to be more than three times that in the polished 
surfaces, so the petroglyphs have been suggested to be in the order of 1500 and 4000 years 
old. The old cupules on the quartzite dike are clearly earlier and are assumed to be of the 
early Holocene (Bednarik 2000). 





Figure 85. Small horizontal panel of eroding cupules atop the quartzite dike of Inca Huasi, near Mizque, 
Bolivia. Note laminar exfoliation on the right. 


The attention of further expeditions to the site, in 1997, 2007, and 2014, focused on 
one small horizontal panel on the highest part of the dike bearing five cupules (Figure 85). 
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It is situated almost 10 m above the river and includes one large cupule as well as other 
features of interest. The cupule in question is 70 x 75 mm wide and 15 mm deep. It features 
an extensive layer of consolidation, but there is also a similar feature evident along the 
northern margin of the panel, i.e., where it bore the brunt of fluvial bombardment by river 
gravel. The latter effect was only recognized after the phenomenon of KEM had been 
identified. I will therefore focus on the cupule in question here. 

Cupules are spherical dome or cap-shaped (rather than ‘hemispherical’), circular 
depressions on rock that were created by percussion with hammer-stones (Bednarik 2008). 
They were considered in some detail in Chapter 4. Cupules are the most common type of 
rock art motif on this planet, as well as the earliest. Both observations may simply refer to 
taphonomic effects, in the sense that cupules tend to be deeper than other petroglyphs, 
surviving erasure by natural processes longer, and the longevity of petroglyphs is generally 
greater than that of rock paintings or other pictograms. In other words, cupules are likely 
to outlast all other forms of rock art, and the oldest ones known in the world, from India 
and South Africa, occur on highly weathering-resistant, heavily metamorphosed quartzite 
rock, often in protected locations within caves (Bednarik 1993; Bednarik et al. 2005; 
Beaumont and Bednarik 2015). A fundamental tenet in estimating the age of petroglyphs 
states that the relative susceptibility of any petroglyph to erasure by natural means (be it 
aeolian, fluvial, marine or any other agent) is roughly proportional to the time it takes to 
create it (Bednarik 2012: 79). Since the time required to fashion a petroglyph is a known 
variable, or can become so through replication, the relative longevity of a given petroglyph 
is also predictable. One can easily appraise how long it takes to create it by replication, and 
if it takes 400 times as long as a similar petroglyph on softer rock, it will also take in the 
order of 400 times as long to naturally erase it as it will to expunge that other motif in 
otherwise identical conditions. 

There is, however, one variable that can potentially distort this ratio considerably, and 
it is the primary subject of this chapter. If the resistance to weathering in a petroglyph 
surface changes due to tribochemical or tribo-mechanical transformation of that surface, 
its erodability is likely to be affected greatly. I realized in 1987, the first time I examined 
the Inca Huasi cupules, that they had somehow been affected by an unknown process, 
because even their first microscopic examination showed conclusively that the interior of 
the cupules was much better preserved than the adjacent, receding rock surface. I did not 
give the phenomenon much thought, however, because I had not seen the same feature 
before and did not encounter it again for many years. However, two finds changed this 
decisively. In 2001, during the first examination of the newly discovered Jabal al-Raat 
petroglyph complex at Shuwaymis in northern Saudi Arabia, I discovered a cupule with a 
similarly hardened layer (Figure 86). It forms part of a steeply sloping, flat sandstone panel 
covered by numerous other archaic petroglyphs, mostly cupules, hoof prints and human 
foot prints, all of which seem to be part of the earliest tradition represented at this huge site 
complex. 
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Figure 86. The cupule floor is preserved on this eroded sandstone panel at Jabal al-Raat, Shuwaymis, 
Saudi Arabia. Microerosion analysis of the white quartz pebble in the right of the cupule shows that it 
was fractured about 9000 years ago. 


Jabal al-Raat comprises numerous petroglyph sites, which collectively present the most 
impressive, highest developed Neolithic rock art in the world. It forms part of the vast 
Shuwaymis rock art complex, which was inscribed on the World Heritage List in 2015. I 
wrote the successful application for this. The cupule panel is regarded as the oldest 
surviving rock art at the site complex of tens of thousands of motifs, and the cupule in 
Figure 86 has been dated by microerosion to E7968 + 1360/- 1750 years before 2001 CE. 
That places it squarely into the Arabian Preceramic Neolithic. Most of the al-Raat rock art 
is of the high Neolithic and 5000 to 6000 years old (Bednarik and Khan 2002, 2005, 2009, 
2013, 2017; Bednarik 2017). 

The second discovery that initiated in-depth investigation of the alteration 
phenomenon in cupules were two finds in central India in the following year, 2002. The 
two sites are in very close proximity, only 350 m apart, and they provided the following 
evidence. At Chanchala Mata 1, a small open-air group of cupules on a weathered 
Proterozoic quartzite plateau north of Bhanpura, Madhya Pradesh, was found to feature 
modified laminae in the cupules. They are believed to be of Holocene age, although no 
direct dating evidence is available (Figure 87). The nearby Daraki-Chattan Cave, which 
had been under investigation for several years (Kumar 1996), contains just over 500 
cupules on its vertical walls, plus another twenty-eight excavated in its floor sediments 
(Bednarik et al. 2005). Based on the excavated evidence it is clear that the cupules, 
occurring on unweathered quartzite, were made by hominins of a Lower Paleolithic stone 
tool tradition that predates the Acheulian. It is therefore assumed that they are many 
hundreds of thousands of years old, and thus among the oldest known rock art in the world. 
Close examination of several of the wall cupules revealed that they, too, contained 
laminated layers of a physically altered state. 
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Figure 87. Non-accretionary surface layer of re-metamorphosed quartzite in a Holocene cupule on 
Chanchala Mata plateau, north of Bhanpura, India. 


At that point it became apparent to me that the formation of a hardened, weathering- 
resistant layer, in some but not all cupules and on some but not all lithologies is a rare but 
universal feature. I resolved to determine the nature of this phenomenon and how it formed. 
The work at the Indian sites had also led to locating another piece in the puzzle. In a nearby 
paleochannel dating from an early geological period I noticed extensive surface laminae 
that seemed to resemble what had been observed in some cupules. Might they be 
attributable to a similar process, I reasoned, but without investigating them at that stage. It 
was only in 2017 that I returned to this issue, after further evidence from cupules 
worldwide. First, there was a series of sandstone cupules from two sites in Sudan, Umm 
Singid and Jebel as-Suqur. Once again, they contained surface layers that differed 
significantly from the rock they occurred on, and seemed more resistant to granular and 
mass exfoliation (Francaviglia 2005: Figures 2, 7, and especially the close-up in Figure 5). 
Another occurrence of this phenomenon on sandstone is at Tabrakat, a site of the Acacus 
site complex in Libya. Next followed the discovery of similar sheet-like laminae on several 
cupules at Nchwaneng in the southern Kalahari Desert of South Africa (Beaumont and 
Bednarik 2013) that are thought to be about 400 ka old (Beaumont and Bednarik 2015). 
They occur on a glacial quartzite pavement that is 300 million years old. In 2014 I found 
the same phenomenon for the first time on a silica-rich schist, at Condor Mayu 2 site which 
is part of the Santivafiez site complex near Cochabamba in central Bolivia. And finally, in 
2018, Jin Anni and Chao Ge located the first examples of the phenomenon on granite 
(Figure 88). Cupules at the sheltered panel of Wushigou 1 in southern Henan Provice, 
China, exhibited the same feature (Jin and Chao 2019). 
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Figure 88. Two cupules on granite at Wushigou 1, Henan Province, China; note the hardened interior 
floors (photograph by Jin Anni). 


The phenomenon of the modified cupule surfaces is therefore known from three 
continents now, and from seven countries: Bolivia (two sites), Saudi Arabia, India (two 
sites), Sudan (two sites), Libya, South Africa and China. Its investigation has led to the 
study of the tribology of cupules as described in Chapter 4. Cupules, it was found, were 
produced by direct percussion, i.e., with hand-held hammer stones, except on very soft rock 
types (Bednarik and Montelle 2016). The harder the rock is the more effort is required to 
produce a cupule of a given depth. Just as the hardness of rock as expressed in Mohs scale 
increases exponentially, so does the effort of cupule creation, i.e., the energy invested. I 
have found four factors contributing to this trend. First, most rock surfaces have been 
subjected to weathering processes, the effect of which is to weaken the cutaneous 
weathering layer chemically or physically, rendering the surface layer more susceptible to 
impact damage. Second, geometry decrees that as the cupule deepens, its diameter 
necessarily increases, therefore the volume of rock mass removed also increases relative to 
each additional unit of depth gained (see Figure 78). Third, I noted that as a cupule becomes 
deeper, the volume of the ambient rock mass increases gradually, which enhances the 
capacity of absorbing kinetic impact without damage. These effects are theoretically 
quantifiable, but there is a forth, and it is of initially unknown magnitude; it is the subject 
of this chapter. It concerns the change in physical or chemical characteristics of the zone 
of the rock most affected by the impact of the hammer stones. It is therefore a topic purely 
of tribology. Observations at a series of sites have yielded the following empirical 
reflections: 


1. The modified skin cannot be an accretionary deposit because it is macroscopically 
identical to the surrounding protolith, and it features fractured grains on its surface 
(i.e., it is the final surface of the cupule). 
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2. The modified skin also cannot be an inherent stratum within the rock that was 
accidentally exposed by the manufacture of the cupule and follows the shape of 
the cupule faithfully; rather, it must have been caused by the making of the 
petroglyph. 

3. The only process potentially liable is the kinetic impact of the hammer stone: there 
was no grinding action, etching by acids or any other factor involved in the cupule 
creation. 

4. The macroscopically obvious difference between the stabilized skin and the 
protolith is that the skin is often of distinctly lighter color, even whitish. 

5. There appears to be a correlation between cupules size, especially depth, and the 
thickness of the modified skin, if cupules at the same site are compared: the 
larger/deeper cupules have thicker skins. 

6. Moreover, there are even differences in the thickness of the skin within a single 
cupule: it is slightly thicker on the floor of the cupule than on its sides. 

7. Inthe case of the most severely modified skins, in Daraki-Chattan Cave, it is also 
apparent that the greatest degree of modification occurred in the largest cupules. 

8. In various cases the readily identifiable skin is not the only aspect of the 
phenomenon; there appear to be additional, concentrically arranged layers of lower 
levels of modification beneath the main modified skin. 

9. All cases of this phenomenon observed so far at open-air sites exhibit a significant 
difference in the preservation of the modified skin relative to the surrounding rock 
surface: the latter is clearly far more susceptible to all forms of weathering, be it 
granular exfoliation, cement deterioration, hydration, or mass exfoliation from any 
cause. While there is very limited weathering of the skin evident, the surrounding 
rock has always receded several millimeters, in some cases well in excess of 10 
mm. 


This last factor is particularly well exemplified by the larger of the earliest cupules at 
Inca Huasi (Figure 85). Here, the retreat of the surrounding rock surface shows that the 
cupule must have been larger and deeper in the past. Without destructively sectioning the 
cupule it is assumed, from the visible dimensions and topography, that the principal 
modified zone in this cupule ranges in thickness from 4.5 to 6.5 mm (Figure 89). In 
addition, there appear to be less modified layers below the main feature, particularly well 
apparent in the cupule’s upper left in Figure 90. These are also apparent in the lower part 
of the image, where they occur as barely attached fragments. Moreover, close examination 
of the main layer suggests that it, too, is stratified into laminar gradations, clearly visible 
in the photograph. This specimen therefore implies that the modification the protolith 
experienced during cupule production is greatest at the surface, and its influence decreases 
with increasing depth. 


206 Robert G. Bednarik 





Eroded 
Eroded 





KEM tectonite 


Quartzite protolith 


Figure 89. Section drawing of the Inca Huasi cupule (in vertical direction in Figure 90). 





Figure 90. Well-developed modified surface laminae in large cupule at Inca Huasi, Bolivia. 


The key to explaining the laminar structure of the modified layer lies in the 
manufacture process of the cupule. The kinetic energy impacting on the rock dissipates 
within the rock, as does its effectiveness in causing changes to the fabric of the rock. This 
does not, however, explain the several semi-concentric structural disjunctions between the 
laminae that follow the curvature of the cupule. They are perhaps to be interpreted in the 
context of cupule production. On rock of extreme resistance to deformation or 
compression, such as quartzite in this case, an enormous amount of energy is required to 
create indentations by percussion, and this can only be achieved by a very large number of 
blows with hammer stones. Extensive replication work on identical rock has demonstrated, 
we noted in Chapter 4, that to create a cupule of 12 mm depth takes in the order of 50,000 
to 100,000 strokes with hammer stones. The Inca Huasi cupule is now 15 mm deep we 
noted, and was almost certainly deeper before erosion of the surrounding rock affected its 
rim areas. Effectively, the cupule may have been in the order of 25 mm deep at its 
completion, and only its central volume of 60-70% has been preserved. Therefore, we can 
reasonably speculate that the number of impacts needed to create it was well in excess of 
100,000 blows. Obviously this should not be assumed to be the work of a single person in 
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one sitting. Rather, the cupule would have been established over a period of time, most 
probably involving more than one maker. The modification process is thus cumulative, and 
one possible explanation of the ‘gaps’ determining the laminar structure is that they might 
represent phases of production. However, they could also reflect anisotropic contraction 
stresses deriving from the modification processes. 

Detailed microscopic examination of the modified laminae of this cupule confirms that 
its surface represents its original floor, in which cracked and impact-damaged quartz grains 
can still be seen. Surprisingly, most of the cupule floor’s surface remains quite smooth and 
stable, with very little if any retreat of the cement evident. There are patches of recesses 
that seem to indicate where damaged grains or cement eroded. The largest grain measured 
is 212 microns long, but the average size of the detrital grains is in the order of 70 microns. 
On the sides of the cupule and near its margin, the cement between the grains has retreated 
far more, suggesting that here the metamorphosis was less effective than on the floor of the 
cupule. 

Subsequent to these observations, the similar occurrences emerging in various parts of 
the world contributed to the gradual improvement in our understanding of the phenomenon. 
The Jabal al-Raat cupule at the Shuwaymis petroglyph complex in northern Saudi Arabia 
was followed by the several relevant observations near Bhanpura in India. Especially the 
group of at least sixteen cupules at Chanchala Mata 1 (some are very faint, so the exact 
number is unknown), forming a double row and thought to be of the Holocene (Figure 91), 
provided new insights. Most of them bear a remarkable surface feature, strongly 
resembling an accretionary deposit of some kind. 





Figure 91. Some of the cupules covered by laminae of stabilized rock at Chanchala Mata 1, central 
India. 
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Figure 92. Microphotograph of the floor of one of the cupules at Chanchala Mata 1, near Bhanpura, 
central India. 


However, examination by binocular microscopy revealed that this very distinctive 
lamina, which varies in thickness only between one and two millimeters here, is essentially 
of the same quartzite as the rock matrix, but apparently much more stable. This very light- 
colored, almost white lamina is not a remnant of some mineral accretion, as it seems at first 
sight; it is clearly the original floor of the cupule. The layer is limited to the cupules’ interior 
and it is evidently much more resistant to weathering than the protolith (parent) rock. It 
tends to have become exfoliated from the rim of each cupule inwards, but remains intact 
and evidently protects the less resistant rock beneath it in the central areas of each cupule. 
Extensive field microscopy of each of these cupules also revealed that the retreat of the 
formerly colloid silica forming the cement has been minimal, confirming that these 
petroglyphs are geologically recent (Figure 92). It also shows the heavily metamorphosed 
condition of that component, leading to its identification as tectonite. Tectonites are 
characterized by minerals that have been affected by natural forces of the earth, which 
prompted their orientations to change. This foliation involves an anisotropic 
recrystallization of a component, in the case of sandstone or quartzite its cement of 
amorphous silica. Such modified layers, while chemically similar to the supporting 
protolith, would be significantly more resistant to weathering (Bednarik 2015a, 2015b, 
2016a). 

A classic example of this same phenomenon was then observed at one of the two 
earliest known rock art sites in Africa, Nchwaneng in the southern Kalahari Desert 
(Beaumont and Bednarik 2013: 41-42). The oldest petroglyphs at this major site on a 
glacial quartzite pavement are all cupules. They occur next to the largest of several 
waterholes in the region that were created by glacial plucking. These pavements were 
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formed by a southward glacial movement during Permo-Carboniferous times, 320—270 
million years ago, when southern Africa, as part of Gondwana, was situated near the South 
Pole (MacRae 1999). The cupules are either of the Middle Stone Age or the Middle 
Fauresmith tradition, i.e., somewhere between 50 and 500 ka old, but their most likely age 
is in the order of 400-410 ka (Beaumont and Bednarik 2015). The lamina formed in them 
and even on immediately adjacent surfaces is uniformly 2-3 mm thick (Figure 93). Just as 
in the previous examples it has very effectively retarded erosion of the rock beneath it, 
while elsewhere the rock has receded as it weathered. 





Figure 93. Re-metamorphosed quartzite lamina on two Pleistocene cupules at Nchwaneng, southern 
Kalahari Desert, South Africa. 





Figure 94. Re-metamorphosed schist lamina in Holocene cupule at Condor Mayu 2, Santivafiez 
petroglyph complex, Bolivia. 
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All of these examples refer to sandstone, quartzite or intermediate forms between the 
two, but the very same effect has most recently also been observed on two other rock types. 
The first was a metamorphosed mudstone facies, i.e., on schistose rock, the second was 
granite in Henan Province, China. Most of the sites of the Santivafiez site complex near 
Cochabamba in central Bolivia are of schist or phyllite, and a few of the cupules at Condor 
Mayu 2 show the same kind of hardening on their floors as described above. Schists retreat 
relatively rapidly, up to 10 mm per millennium (Bednarik 2007: 61), but here cupules have 
retained their floors while the rock around them has retreated considerably. The result 
resembles what has been observed on sandstones (Figure 94). The Condor Mayu 2 cupules 
occur on a silica-rich schist/phyllite. 


EXPLAINING KEM 


At this stage of the investigations it had become clear that both sandstone and its 
metamorphosed form, quartzite, had in a number of instances been subjected to a process 
stabilizing surface layers in a laminar pattern. Another metamorphic rock, schist, appeared 
to be susceptible to the same effect, at least on rare occasions. I had begun to search for 
possible mechanisms that might explain the underlying process. Four alternative potential 
explanations were proposed and considered as the cause of the conversion effect, and I was 
able to refute three of them conclusively. The first was the piezoelectric hypothesis: quartz 
is one of the most piezoelectric substances. A 1 cm? cube of quartz with 2 kN (500 Ibf) of 
correctly applied force can produce a voltage of 12,500 V (Repas 2009). It seems plausible 
that the very considerable kinetic force brought to bear upon a cupule made on very hard 
quartzite could have yielded an electric charge adequate to modify the crystal structure of 
the quartz grains. The total force applied could be up to some dozens of kN, focused on a 
very small area in the case of a cupule. However, the piezoelectric proposition is easily 
refuted by the complete absence of any tectonite development in cupules made on pure 
crystalline quartz. The largest such cupule currently known in the world is located at Moda 
Bhata, Rajasthan (Bednarik et al. 2005), which would involve a much greater production 
coefficient than any known cupule on quartzite. Yet it does not feature the slightest trace 
of tribological modification. This implies that the syntaxial silica cement rather than the 
quartz grains is being modified. 

An alternative interpretation has been suggested by rock art dating specialist A. 
Watchman, who considers the possibility that the laminae might be of amorphous silica 
derived from chemical weathering of the adjacent rock. This possibility is negated by the 
presence of densely packed grains of alpha quartz, often fractured by impact, of a 
morphology and granulometry identical to that of the protolith. Although amorphous silica 
(silica gel) may form ‘coagulate’ structures, due to its inherent short-range orderliness these 
differ significantly from crystalline sand grains, for instance in the way they weather and 
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fracture. Silica is three to four times more soluble in water than the ordered state (Fournier 
and Rowe 1977) and does not normally survive superficially where it is fully exposed to 
precipitation. There are also significant differences in the amount and rate of contaminants 
absorption and desorption. 

A third interpretation proposed and refuted is that the impact of the hammer stone will 
result in microfracture of the silica rock and therefore the formation of nanoparticles with 
very high surface to volume ratios. These particles might react faster than the cupule 
surface, i.e., they will dissolve easily, forming reactive fluids with atmospheric CO2 and 
other chemical species, thus developing a coating, a film that may be more resistant to 
further dissolution. This alternative was suggested by Juan Manuel Garcia Ruiz in 2013. 
However, it is negated by the observation that the laminar formation is not a precipitate; it 
is the original cupule surface and often bears evidence from the process of its manufacture 
(such as fractured or bruised grains, including conchoidal scars). The fourth potential 
explanation is the kinetic energy metamorphosis hypothesis, which accounts fully for all 
relevant observations and provides an economical and realistic rationalization (Bednarik 
2015a, 2015b, 2016a). 

We can begin the determination of what might have caused the modifications described 
from over one hundred cupules at ten sites by recalling that the surface properties of other 
materials can also be modified by tribological processes. Numerous such phenomena are 
known, for instance from tribochemistry. We also know from archaeology that the surfaces 
of bone implements that have been rubbed intensively and have thus become shiny and 
polished are less likely to decay than the rest of the bone (Semenov 1964: 12). This is 
because the porous bone texture has become compressed through this kinetic action. A 
possibly analogous effect can be observed on metals. Polish is known to protect metal 
surfaces from decay, apparently by a thin film of physico-chemical character that inhibits 
chemical reactions. The smoother this surface is, the less influence the ambient conditions 
seem to have on the material in question. Another such example derives from the silica 
sheen found on stone sickle fragments that have been used intensively in harvesting grass 
seeds. 

The kinetic energy metamorphosis (henceforth KEM) hypothesis explains the 
formation of erosion-resistant surface layers on rock as the result of the localized 
application of very high levels of kinetic energy. The production of cupules on very hard 
rock surfaces involved many tens of thousands of blows with hammer-stones (Kumar and 
Krishna 2014), amounting to a massive cumulative deployment of energy to a small surface 
area. This modified the physical properties of the surface-nearest layer of rock. Such layers, 
while chemically similar to the supporting protolith, are significantly more resistant to 
weathering, being the result of crystal re-orientation and foliation processes. Some of the 
great force applied would have been dissipated as heat and fracturing force, but a 
significant portion of it resulted in the tribological effect of further metamorphosing the 
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already previously—in its geological history—metamorphosed protolith and converting it 
to what is best defined as tectonite. 

Typically, the converted layer is laminar, whitish or pale in color and thickest where 
most impact has evidently occurred, i.e., in the cupule’s deepest part. Plotting of the 
tectonite layer’s thickness against cupule diameter or depth yields a distinctive pattern of 
distribution (Table 1, Figure 95), emphasizing that layer thickness is a function of impact 
intensity. In tectonites, minerals have changed their orientations and this foliation involved 
an anisotropic recrystallization of a component. In the case of sandstone or quartzite this is 
its silica cement. It binds the grains and reduces porosity and permeability as it fills the 
voids between the detrital clasts (Macaulay 2003). The source of the syntaxial quartz 
overgrowths on quartz grains can be biogenic (5°°Si ~ -1—-2%o) or detrital silica (5°°Si ~ 
0%o0). Mineral coatings (e.g., of clays) and entrapment (e.g., of hydrocarbons, clay 
minerals) retard the syntaxial deposition (McBride 1989), therefore the voids between the 
detrital quartz grains are not fully occupied by cement. This provides the potential for re- 
metamorphosis of the quartzite protolith, and metamorphosis of the sandstone or schist. 

The development of KEM products is not, however, contingent upon the presence of 
adequate amorphous silica, as in the cases of sandstone, quartzite, or siliceous schist. As 
noted, apparent KEM evidence has recently been reported from Chinese granite (Jin and 
Chao 2019). Here, the likely explanation for the conversion derives from the characteristic 
of feldspars in a quartzo-feldspathic rock (such as a granite) that they disintegrate and re- 
crystallize when exposed to intensive ductile processes. 


Table 1. Dimensions of cupules with KEM laminae, at four sites in India, South 
Africa, Bolivia and Saudi Arabia 






































Cupule Diameter in mm Depth Lamina thickness 
inmm inmm 

Chanchala Mata 1 52 9 1-2 

Nchwaneng 1 56 8 2-3 

Nchwaneng 2 30 6 2-3 

Inca Huasi 1 73 15 4.5-6.5 

Inca Huasi 2 51 8 1-2 

Inca Huasi 3 38 6 1 

Inca Huasi 4 42 8 1.5 

Inca Huasi 5 48 6 1 

Inca Huasi 6 41 5 0.5 

Jabal al-Raat 1 71 13 5 

Jabal al-Raat 2 68 12 3-5 
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Figure 95. Metamorphosed lamina thickness plotted against (a) cupule depth and (b) cupule diameter, 
for a sample of n = 11 cupules containing laminae formed by kinetic energy metamorphosis. 





Figure 96. Cupule 14A in Daraki-Chattan Cave north wall, in the center, the largest and deepest 
specimen in the site, and also the most extensively modified by tectonite development. 


Because the development of KEM laminae in cupules is a gradual, progressive, and 
cumulative occurrence, these features appear to differ among the many cupules they have 
been observed in. It was therefore essential that the phases of the process be determined 
from its various manifestations. In this work, the most useful site was the quartzite cave of 
Daraki-Chattan, because here, in a relatively sheltered location, the effects of weathering 
or erosive processes had been minimal. Moreover, among the just over 500 cupules, many 
showed various stages of tribological surface modification, ranging from barely perceptible 
to the most extreme expressions. Clearly detectable tectonite conversion was identified in 
forty-eight cupules, twelve on the south wall and thirty-six on the north wall. Of these, 
Cupule 14A on the cave’s north wall presents the maximal tectonite development observed 
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in the course of this entire study. The cupule is unusually large and deep, despite having 
been truncated by significant exfoliation of the surrounding rock (anywhere from 5—20 
mm). The KEM laminae are particularly well sectioned and highly visible along the left 
rim (Figure 96). The thick surface layer consists of fully crystalline quartz that has shattered 
into microscopic reticulate patterns, such as rectangular fragments. The tectonite appears 
to be fully converted and there is literally no granular structure left: all traces of the former 
quartz grains have become obliterated. The grains and the amorphous silica have coalesced 
into a single mass, rather as if ‘fused’ or ‘molten’. 

The outermost lamina ranges in thickness from 2.0 to 2.4 mm, and is separated from 
the substrate lamina by a somewhat irregular fissure that mimics the cupule’s curvature. 
The fissure is very narrow, in places only c. 40 um wide, widening elsewhere and including 
alveolar spaces of >1 mm size, but in some places it is completely closed. Beneath this 
outer tectonite lamina, which manifests itself as a single translucent mass of quartz, is a 
further modified layer that grades into the protolith (Figure 97). The main difference 
between the protolith and the fully developed tectonite is the latter’s dense texture. It 
includes areas of shingle-like arrangements of foliate fragments and reticulate 
arrangements reminiscent of Voronoi cells, all of which appear ‘re-orientated’ or fused. 
The platelets convey the visual impression that the conversion process is akin to a ductile 
re-formation resembling foliate mica plates, because some of the rectangular fragments 
bear perfectly flat surfaces. The reticulation appears to dominate at the depth of 0.5—1.0 
mm from the surface. 





Figure 97. Close-up view of the left rim of Cupule 14A in Daraki-Chattan Cave. 
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Atc. 2.4 mm depth begins the substrate of partial conversion, in which the quartz grains 
are readily recognizable. They are generally of diameters in the vicinity of 250 um, but the 
amorphous silica has been modified and in some cases has formed concentric ‘halos’ 
around grains. At the left margin of cupule 14A, some degree of modification seems 
apparent up to about 10 mm from the surface, which is far in excess of what is seen 
elsewhere. 

Close to the lowest part of the left edge of this cupule is a patch of manganese oxide in 
a recess, c. 1.6 mm in extent, with a small area of quartz coated by its thin black metallic 
film. On the right edge of the cupule, the tectonite is also well represented, but as this area 
bears silica accretion it is much less clearly visible than the left edge. 

The following stages of KEM conversion were tentatively identified by binocular field 
microscopy, from the substrate to the surface: 


Stage 0 — No alteration of the protolith, >10 mm. 

Stage 1 — Grains remain clearly visible and no concentric ‘halos’ or ‘fused’ appearance 
evident, 5—10 mm from surface. 

Stage 2 — Few grains remain recognizable and they may have concentric ‘halos’ 
indicating that the tribological modification from amorphous to crystalline silica is 
well developed (Figure 98), 2.4-5 mm from surface. 

Stage 3 — Body of completely metamorphosed, crystalline quartz of foliate texture, 
surface to 2.4 mm depth. 


These stages were also identified in several other cupules, but they are particularly 
clearly expressed in Daraki-Chattan Cupule 14A, the most heavily converted specimen 
known from any site. 





Figure 98. Microphotograph of the stage 2 stratum in Cupule 14A. 
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GEOLOGICAL KEM PHENOMENA 


Once the significance of KEM phenomena was fully appreciated, I also realized that 
further progress in understanding and utilizing them was severely limited by one specific 
obstacle. Their study in rock art was entirely constrained to visual examination. Destructive 
sampling of the cupules was out of the question; after all, those of Daraki-Chattan are 
among the oldest rock art known on the planet, so there was no possibility of sectioning or 
otherwise sampling any of these features. They formed cultural monuments of world 
significance, and even if I had yielded to my desire for structural or compositional data, we 
would not even have been granted permission from the heritage protection agencies to 
remove samples from these features. This was rather frustrating, because I appreciated fully 
that my documentation of KEM was inadequate and poorly quantified, and there were so 
many avenues to be explored. I considered, for example, that there would be every 
possibility that some aspect of KEM could be developed as a means of quantifying the 
antiquity of the cupules. However, as matters stood around 2015, our options of developing 
this research further were quite constrained. 

However, I had already become aware that KEM phenomena were probably not limited 
to cupules. What is a rare outcome of an anthropogenic practice, the production of cupules, 
may also be a fairly common product of various geomorphological processes. I considered 
several apparently similar phenomena that also seemed to be tectonite formations 
attributable to tribological phenomena. First of all, it is obvious that petroglyphs other than 
cupules might well be susceptible to the same developments, in cases where percussive 
impact had been very intensive. I had also noticed the possible fluvial battery effect at the 
Inca Huasi site in Bolivia, considered in some detail above (see Figure 85, right section). 
One of the potential causes of the laminar exfoliation pattern noticed on this rock, on the 
surfaces that were once exposed to fluvial battery, is that bombardment by river gravel may 
have led to it (Figure 99). 





Figure 99. Exfoliating laminar surface layers that might conceivably be attributable to fluvial kinetic 
energy, on the bedrock block with the Inca Huasi cupule in Figures 86, 89 and 90. Scale in cm. 
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However, there are alternative explanations, and they appear more realistic in this 
instance. Although it is unlikely that these laminations developed from inherent aspects of 
the rock’s fabric, they could have arisen either from insolation stresses (solar radiation and 
temperature variations) or from the development of weathering zones—or from a 
combination of both factors. Nevertheless, the concept of fluvial bombardment prompted 
me to revisit the possibility that extensive panels of lamina-covered bedrock in a 
paleochannel near the Indian sites mentioned above are a KEM product. It had also become 
realistic to attribute the sheen on some glacial pavements to tribological conversion 
processes (Siman-Tov et al. 2017). Other phenomena potentially attributable to KEM were 
also considered as candidates for detailed review, especially the sheen occurring on many 
ventifacts (see Chapter 2) and certain small-scale conversions in sandstone subjected to 
tectonic stresses. 

The need to secure samples and thin sections of KEM features from geological 
exposures prompted me to revisit the paleochannel where I first noticed sheets of 
smoothened rock in 2004. In November 2016 I spent a few weeks at that site and conducted 
an intensive survey of it with the help of G. Kumar, who had excavated Daraki-Chattan. 
To the immediate north of the small town Bhanpura in Madhya Pradesh, central India, lies 
the Chanchala Mata quartzite plateau. It rises between 50—100 m above the town and is 
surrounded by steep escarpments on most sides. In total it measures about 8 km across and 
is poorly vegetated, with very limited soil development. However, geologically it features 
extensive evidence of its complex history, especially in terms of long sequences of coarse 
conglomerate deposits overlying the Proterozoic quartzite planation surface and hanging 
paleochannels. 


Rewa reservoir 





Figure 100. Indragarh Hill, bordered by the Rewa valley to the north and west, by the Chanchala Mata 
plateau to the east, and by Bhanpura to the south. The paleochannel is shown by a dotted line, and the 
locations of Daraki-Chattan (A), the Indragarh KEM sampling site (B) and the Chanchala Mata 1 
cupule site (C) are indicated. 
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Figure 101. Satellite view of the Indragarh Paleochannel (dotted line), the preserved walls of Indragarh 
Fort (black line), the KEM sampling site (circle) and the Chanchala Mata 1 cupule site (square). 


The extensive plateau features a small south-western extension called Indragarh Hill, 
which is largely occupied by the extensive ruins of a fort of the 8th-century CE (Figure 
100). Some of its dry-laid stone walls are still partially standing, but much of the fort only 
exists as piles of building stones. Indragarh Hill is separated from the main plateau by the 
residue of the paleochannel that is the center of our attention here. This ancient but still 
very distinctive feature runs in a roughly north-south direction, draining to the north and 
preserved over a distance of 175 m. At both ends it is truncated by the steep ramparts of 
the plateau, so in effect this tiny fragment of a geologically ancient river course is now at 
an elevation about 50 m above the course of the nearby river Rewa. It is therefore a hanging 
valley at both preserved ends. The age of the channel is unknown. Following its formation 
millions of years ago it became submerged under at least eight strata of very coarse-grained 
siliceous conglomerate, tens of meters thick. These in turn became extensively eroded long 
ago, which has exposed the ancient channel over its entire preserved length (Figure 101). 

For most of its course the paleochannel has a low gradient and is still accompanied by 
residues of the lowest conglomerate strata postdating it. In its northernmost part, however, 
all conglomerate has been eroded, the channel’s original bedrock is fully exposed and has 
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revealed a site of former rapids. They end in a small waterfall, 4-5 m high, at a location 
where the main-channel is joined by a tributary from the east. Here, the usually cream- 
colored quartzite bedrock has been subjected to intensive battering by the fully rounded 
cobbles and small boulders swept through the paleochannel. This bedload of purple- 
colored quartzite debris, clearly derived from localities far upstream, remains preserved in 
the lowest conglomerate layer. At the paleo-rapids, the channel’s thalweg forms a chute 
allowing maximum acceleration and release of kinetic energy as the bedload became 
suspended (Figure 102). All surfaces affected by this prolonged bombardment have 
developed KEM laminae. Even some of the bedload cobbles, ranging in size from large 
cobble to small boulder fractions, show tectonite development. However, not all of the 
modified bedrock panels have survived, because where the protective lamina has been 
breached, weathering has eroded the substrate and caused widespread exfoliation of the 
hardened surface. 

The main focus of this study is an area within 20 m of the former waterfall in the 
northern sector of the described paleochannel, located at N24° 32.095’ E75° 44.036’and at 
an elevation of about 467 m a.s.1. The KEM sampling site (locality B in Figure 100) was 
mapped in full. Three specific locations were selected for sampling: locations A and B are 
on either side of the waterfall (see Figure 102), and location C is in the eastern tributary 
channel that was formed after the erosion of much of the conglomerate to the north. 
Sampling locations A and B are at almost identical elevations, each a few meters from the 
lower part of the paleochannel and amidst concentrations of KEM tectonite skins. A total 
of sixteen samples of the tribological tectonite, the weathered substrate and in some cases 
the unweathered protolith were collected. Each sampling location (Figure 102) was 
recorded by multiple photographs, both before and after sample extraction; and in each 
case the sample was thoroughly examined by binocular light microscope before its 
removal, using a custom-modified Motic SMZ143 stereo-zoom microscope equipped with 
an internal ocular scale. 

In the laboratory, samples were examined and photographed under a Nikon SMZ1000 
binocular light microscope. This process resulted in the selection of samples of particular 
qualities capable of clarifying specific research questions concerning the formation of 
KEM laminae. These samples were placed in a vacuum, coated with either graphite or gold 
(depending on sample’s nature), and examined by scanning electron microscope Jeol JSM- 
35. Numerous photographs were taken, both by backscattered electron analysis and 
secondary electron analysis. Selected samples providing a complete sequence from the 
surface tectonite through to the unweathered quartzite were sectioned perpendicular to the 
surface and thin sections were produced. These were then examined and photographed by 
a Zeiss Axiotron microscope with a MCU26 3 axis controller and 10 MP Moticam camera 
as well as by the above SEM equipment. 
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Figure 102. The sampling site in the Indragarh Paleochannel, looking west, with the ruins of the fort in 
the background. The former rapids in the center end in a waterfall; a former tributary stream joins the 
channel from the near left. Sampling locations A and B are shown. 


The elemental composition of various specific features of samples, particularly of the 
uncontaminated and unweathered protolith underlying modified surface zones, was 
determined by Jeol JSM-35 SEM combined with EDAX EDS x-ray detector using 
WINEDS software. In particular, the attention of all analytical efforts was focused on three 
aspects of thin sections that held promise of providing information about the process of 
KEM: deposits at the boundaries between quartz grains and former amorphous silica 
cement; residual sediments entrapped in cement; and inclusions embedded in detrital quartz 
grains. 
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Figure 103. Map of the KEM sampling site, Indragarh Paleochannel. 
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Figure 104. Large cobbles of the conglomerate immediately overlying bedrock, bearing KEM veneers. 
Southeastern sector of the Indragarh Paleochannel sampling site, near sampling location C. 


Before examining the characteristics of the KEM phenomena, the kinetic effects of the 
bedload on the bedrock surfaces affected by fluvial bombardment were thoroughly studied 
at the KEM sampling site in the Indragarh Paleochannel (Figure 103). The distribution of 
the modified surface laminae relative to the channel morphology implies consistent 
exposure to the kind of bedload represented in the lowermost conglomerate layers, as 
suggested by the trajectories of propelled clasts. The total surface area of the surviving 
laminae at the site amounts to over 50 square meters, but would have been at least twice 
that much before its deterioration began, i.e., before it was re-exposed as the lowest 
conglomerate became eroded. Of particular interest is the occurrence of several instances 
where the lowest of the conglomerate remains in situ, and the tectonite lamina extends 
clearly below it. This demonstrates beyond doubt the establishment of the lamina before 
the first sedimentary deposition over it. Secondly, numerous of the large cobbles contained 
in the lower layers of the conglomerate resting directly on the bedrock bear the same 
tectonite skin on their prominent surface aspects (Figure 104). This feature can only have 
been acquired by prolonged fluvial transport over great distances, in high-kinetic energy 
environments. As mentioned above, the conglomerate is not of the local cream-colored 
quartzite, but consists largely of dark-purple-colored quartzite. 

At sampling location A, sampled on 13 and 14 November 2016, the microscopic 
physical properties of the KEM products resemble those observed on the cupules very 
closely: very flattened surface aspects, each grain having been reduced to the same level. 
On the tectonite surface, about one half of the irregularly-shaped spaces between quartz 
grains are of precisely the same elevation as the impact-shaped plateaus on the largest as 
well as smaller grains. The amorphous silica that occupied these spaces before conversion 
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has been exposed to precipitation for a long period of time, and the lack of retreat indicates 
that it has been completely converted to crystalline state. The second half of these ‘cement’ 
spaces has eroded considerably. It appears therefore that in perhaps half the cases the 
cement has been modified to a fully crystalline condition (alpha quartz), while in others it 
has not been converted adequately to offer the same resistance to erosion. This latter state 
could be described as corresponding to a stage 1.5 to 2.0 modification of KEM 
development as determined in Daraki-Chattan Cave (see above). It is clear that there is 
variety among the sand grains, some being translucent, others whitish or cloudy, or colored 
yellow-orange. Some of the cement provides evidence of shrinkage in volume. 

The larger grains at sampling location Al range mostly from 600 um to 1 mm; some 
are even larger and in rare cases measure up to 2 mm. Sample A2 was secured c. 30 cm of 
the first, showing very similar conditions but even less surficial mass loss in the former 
amorphous silica. Thus the plane of the battered surface is largely continuous here (Figure 
105). Again, the quartz grains show different coloring, including true milky quartz, semi- 
translucent, and examples with two different colors. The modified silica cement, however, 
is always of a similar color, slightly orange light-brown. It often fits quite snugly between 
grains, but there are also cases where it is separated from them by a gap of 1-3 um. 





Figure 105. Light microscopy (left) and SEM photography of the same grains of sample A2, showing 
their intensive kinetic battering. 


In Figure 106A, a quartz grain on the surface of sample A2 is embedded in several 
bodies of formerly amorphous silica that had been partially metamorphosed in the quartzite 
state but have now taken on the fracturing patterns of fully crystalline quartz. A few 
smaller, similarly worn quartz grains are visible in the lower part of the image, but the 
intervening former ‘cement’ has experienced much more distinctive battering. Higher 
magnification reveals numerous impact traces (Figure 106B), including even concentric 
wave patterns similar to those occurring on the ventral surfaces of anthropogenic stone 
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flakes. But what is most evident is that the patterning of the kinetic damage is identical in 
the ‘cement’ (in Figure 106B appearing as the horizontal middle third in the area shown) 
and the upper part of the alpha quartz grain visible below it. The formerly colloid silica has 
lost its physical characteristics and has become indistinguishable from the crystalline 
quartz. 

Samples A3 and A4 are collected in close vicinity of the first two samples from this 
location. The last sample comprises four sub-samples, including one of the unaltered 
quartzite. After removing sample A3, the unaltered interior below the weathering zone was 
exposed, and it is clearly evident that fracture leaves all grains intact, affecting only the 
cement. 

The texture of the surface fractures depicted in Figure 106 looks rather fresh and 
relatively angular, but when subjected to greater magnification the effects of rounding by 
microerosion (Bednarik 1992) become amply evident in sample A4 (Figure 107). However, 
the level of general micro-wane development implies that these surfaces have been exposed 
to the atmosphere for only a few millennia; until then they were concealed under vast 
deposits of conglomerate strata. We can therefore confidently assume that for most of the 
time tectonite sample A4 has existed it has been concealed by younger sedimentary 
deposits. 





Figure 106. Composite SEM photographs of sample A2: (A) battering fracture patterns on quartz grains 
and former zones of colloid silica; (B) close-up of two such zones, showing the complete conversion to 
crystalline quartz. 
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Figure 107. Subsample A4a, grain boundary: texture of crystalline quartz at high magnification. 


Sampling site B is practically opposite A, 11 m from it, but on the left (W) side of the 
paleochannel. It lies on the lower part of the former rapids, just above the 4-5 m high 
waterfall. These polished rock formations occur as a series of sloping platforms, some of 
which have been truncated relatively recently. In the past, during the time the conglomerate 
was degraded by the river, these platforms acted as a chute, conveying untold quantities of 
cobbles that impacted all the way along this cascade, but especially in its lower part. These 
aspects were subjected to the highest level of battering. The greatest concentration of KEM 
laminae in the entire area occurs here, with a significant proportion of them surviving 
exfoliation caused by structural failure of the much weaker weathering subsurface zone. 
However, at location B the bedrock was exposed from the conglomerate earlier than at 
location A, as indicated by the relative degree of weathering; the former cement zones of 
the tectonite layers are generally also more weathered at location B. 

At location B, the rock has a weathering zone of c. 12 mm on upper surfaces, while 
apparently <10 mm on vertical surfaces, unless these have been subjected to exfoliation. 
The weathering zone tends to be distinctly yellow, the outermost unweathered zone purple, 
fading gradually to the light-colored bedrock after a few cm. The first impression, that this 
purple zone is a deep effect of the KEM process, is false. Vertical surfaces cannot be 
assumed to have received much battering, although some may have; but the purple tinge 
can also be seen on the underside of rock layers, and on sections that were not modified to 
a KEM lamina. Since the coloring cannot be an inherent property of the rock mass (it 
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follows the contour of each block) it seems to resemble a weathering or heating effect. 
However, closer microscopic examination showed that the purple substrate’s color at 
location B is attributable to a surprisingly small number of bright red grains, plus the 
reflection of similar grains beneath the surface that is diffused through the transparent or 
translucent quartz grains concealing them. In view of the very small red component, the 
distinct purple coloring can be seen as a form of optical illusion giving the impression of a 
distinct color. The red components are thin flakes, presumably of iron oxide/hydroxide 
(hematite?), only a couple of hundred microns wide, and they presumably date from 
paleogenesis of the bedrock. 

Extensive KEM effects are evident at location B and on the second-lowest platform, 
where a naturally exfoliated fragment of tectonite with attached quartzite was collected, 
sample B1. Sample B2 was secured from the largest expanse of KEM lamina at the entire 
rapids site, from an area where about half of the tectonite lamina has eroded due to granular 
exfoliation of the weathered quartzite beneath. The amount of retreat is up to 3 mm, from 
a weathering zone that is generally between 10 and 20 mm thick. This is significantly much 
more than the weathering depth of most cupule panels, and the weathering zone thickness 
is likely to provide a secure relative estimate of when the surface affected had become 
accessible to weathering, i.e., when it was exposed by the removal of overburden (the 
conglomerate). Much of the platform being sampled, >8 m long and maximal 6 m wide, is 
covered by tectonite, sloping gently down to where it is truncated by relatively recent 
vertical fractures. All steps forming the platforms are fractured like this. Above the sampled 
platform is another, smaller one, on which 8 x 2 m is covered by more scattered, 
discontinuous surfaces of KEM products. On the smaller, uppermost platforms of the 
rapids area the tectonite cover is still extensive, but here most of it is less developed than 
on the lower reaches of the chute. It appears therefore that the best-developed and thickest 
KEM laminae are on the lower platforms, which would have received most of the kinetic 
energy. The internal shock fractures in the surface-nearest sector of the grain in Figure 
108A are clearly visible, and a distinctive hairline rupture across the entire grain and 
roughly parallel to the present surface. Figure 108B shows the effects of the relentless 
bombardment of the hardened bedrock exterior before the first deposition of coarse 
conglomerate commenced; note the battered surface bearing percussion damage. The 
subsequent development of incipient micro-wanes along edges implies that there are 
variations in the amount of microerosion (Bednarik 1992), and thus in the ages of these 
fractures, and that concealment by the conglomerate occurred some time after last impact 
(Figure 108). 

The second lowest and lowest platforms at sampling location B possess relatively little 
surviving tectonite. The depth of the removed weathering zone increases markedly towards 
the lower platforms. At the rim of the lowest, it generally exceeds 5 mm and is often 10 
mm and more. The surface of the tectonite layer is also more weathered in this zone. 
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Figure 108. (A) Thin section of quartz grain truncated by the fluvial bombardment of the bedrock 
surface, sample B2. (B) Another example of the battering evident at the tectonite surface of the same 
sample. 


Sample B3 was secured 95 cm S of B2, i.e., in the direction of the central part pf the 
platform. Here the metamorphosed surface has experienced 3—4 mm of undercutting by 
erosion of the weathering zone and the tectonite surface is somewhat weathered. Sampling 
of location B was continued on 16 November, with sample B4 taken 70 cm NE of B2, on 
an elevated knoll next to a patch of relatively recent rock removal showing the purple 
substrate. Here the microscopy again showed the flattening of the surface but there were 
more recesses at points where amorphous silica used to be than were observed at the 
previous sampling sites. Presumably this lamina has been somewhat less metamorphosed. 
The granular exfoliation retreat of the surrounding weathering area is relatively thin here, 
at 1.0-1.5 mm thickness. Subsample B4b is the unaltered purple substrate immediately 
beneath the KEM lamina sample. 

Sample B5 is from the lowest of the platforms at location B, i.e., immediately from 
above the former waterfall, about 1 m from the lip of the platform. Here, a complete chip 
of the stratigraphical sequence from the tectonite to the purple unweathered quartzite is 
removed in one piece. It includes a distinct yellow weathering zone. 
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Figure 109. The tectonite lamina (lower part of image) precedes the overlying lowest of the 
conglomerate deposits stratigraphically; near sampling location C. 


KEM sampling of location C, located on the right side of the channel (see Figure 103), 
commenced on 19 November 2016. The site is located close to the margin of the mapped 
area and considerably higher than sampling locations A and B. It seems to be the highest 
elevation of dense KEM laminae in the whole area and was apparently where another chute 
delivered a blast of cobbles and pebbles to the sloping bedrock. It is also here that the most 
tectonite is found directly bordering with the covering conglomerate strata, although here 
the latter have been reduced to relatively small remnants. In many places the KEM products 
disappear and continue under the silica-cemented conglomerate (Figure 109). Moreover, 
in the deposits of the latter occur numerous large cobbles and small boulders that bear 
incipient KEM evidence or even developed tectonite, in some cases of up to 1.5 to 2.0 stage 
of conversion. These stones are always very well rounded, but often the more exposed 
aspects of them have been battered subsequent to exposure, and the lamina survives only 
on protected aspects. 

The sampling area of location C consists of several square metres of bedrock platform, 
about half of which remains covered by KEM lamina. This high retention is no doubt 
attributable to the proximity of the protecting conglomerate: here the bedrock has only been 
exposed relatively recently. Therefore, the weathering zone is also notably thinner, 
especially compared to those places that have been exposed longest, such as the lip of the 
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lowest platform at location B. This implies that the weathering is largely of the post- 
exposure period, which is squarely confirmed by the requirement that at the time of 
tectonite formation, the rock cannot have been weathered to any extent; formation of KEM 
products is only possible on fully unweathered rock. 

Close to the boundary of the conglomerate at location C, where it peters out and occurs 
as small remnants, on a continuous panel of KEM lamina, a large, 0.8 mm quartz grain was 
truncated by fluvial erosion. Its interior surface is perfectly flat except for a faint 
depression, and level with the surrounding tectonite. Here, 80-90% of the remains of 
former cement extend to this level, implying a stage 1.8—2.0 of conversion, as observed 
elsewhere. Sample C1 is a sample of the conglomerate cement, in two pieces, taken 
immediately above the continuous KEM lamina panel with the large quartz grain. Next, 2 
m SW of that sampling location, KEM sample C2 is secured from a remnant of a well- 
developed KEM lamina, just 25 cm from the nearest in-situ conglomerate body, where the 
tectonite is overlain by the conglomerate. This sample consists of only a thin and small 
Sliver of the tectonite with weathering zone attached. 

About 3 m to the N, another KEM lamina sample is secured from under a loose block 
of almost 1 m size. It rests on a platform that is still covered extensively by lamina 
extending over the edge of the platform and disappearing under a strip of a small residue 
of conglomerate. On the upper surface of the platform, much of the KEM lamina has been 
battered away since it has become exposed, but remnants of it are protected by the block 
and one of them constitutes the KEM sample C3. 

The consequences of the kinetic energy compression of the compressible component 
of the rock (the silica cement, in this instance) is confirmed by sectioning the various zones 
of modification. In the composite thin section shown in Figure 110 the crushing effects are 
clearly evident on the exposed truncation plane. This section of sample A4 extends from 
the surface of the tectonite through to the unaltered rock. The three layers of conversion 
are in total just over 3 mm thick and resemble the three phases identified in cupule 14A on 
the north wall of Daraki-Chattan Cave as well as other cupules. 

The physical characteristics of the KEM modifications have been supplemented by 
numerous spectral analyses of key components helping to clarify the nature of the 
conversion processes. In particular, attention was given to matter trapped in the cement, or 
located interstitially between the quartz grains and the cement. Pockets detected in cement 
were of special interest because of their high potential for compression. A sequence of 
determinations on subsample A4d, of unweathered protolith, exemplifies the findings. In 
Figure 111, depicting a thin section of that sample, six points were subjected to energy- 
dispersive X-ray spectroscopy. The six spectra are shown in Figure 112, providing valuable 
information about the elemental compositions of rock components, some of which are the 
most likely targets of compression by KEM and thus of particular interest (i.e., Figure 112: 
1, 4-6). 
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Figure 110. Composite microphotograph of thin section through the zones of modification of sample 
A4. 





Figure 111. Thin section of sample A4d, showing six EDS sampling points. 
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Figure 112. Elemental spectra of six sampling points in sample A4d: 1 — trap between quartz grain and 
cement; 2 — quartz grain; 3 — inclusion within quartz grain; 4 — interstitial matter between quartz grain 
and cement; 5 and 6 — pockets in cement. 


APPLICATIONS OF KEM TRIBOLOGY 


As noted above, in assessing the specific effects of the process causing kinetic energy 
metamorphosis of the quartzite’s non-crystalline silica components, be it of anthropogenic 
or geological features, I focused on three criteria: the deposits forming the grain boundaries 
of the formerly amorphous silica zones, any residual sediments associated with this cement, 
and inclusions entrapped within quartz grains. The first two elements were expected to 
inform us most about the progression of the final metamorphosis, because if this process is 
one of consolidation as hypothesized (Bednarik 2015a, 2015b, 2016a) it would involve 
specific effects. First, the physical properties of the ‘cement’? would change as the 
remaining voids left by the syntaxial quartz overgrowths are purged by the release of 
energy brought to bear on the silica, ductility aligning it into a crystalline structure. This 
should also involve a very tiny compression of volume, presumably resulting initially in a 
minute widening of the boundaries between grains. As the ‘annealing’ ductilization 
progresses further, these gaps would gradually close. This predicted behavior is fully borne 
out by the evidence. 
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The same stages seen in the cupules can be observed in the KEM samples from the 
Indragarh Paleochannel. Figure 110 presents a typical thin section through a fully 
developed KEM column of several millimeters. At the top is the severely battered tectonite 
surface, followed by the most extensively modified layer in which all amorphous silica has 
been crystallized to alpha quartz. Below that thin surface zone is a layer showing gaps 
between grains and former cement of up to 10-20 microns, where the ductile component 
has been subjected to ductilization and crystallization. The stage 1 zone below that 
illustrates the initial modifications to the grains, their perimeters and non-siliceous 
inclusions. The lower part of the column is of unaltered quartzite; it ends where the sample 
was detached from the rock during sampling. 

The geological process of kinetic energy metamorphosis (KEM) was first identified 
and defined only very recently (Bednarik 2015a, 2015b). It was initially observed in a form 
of petroglyphs called cupules, the production of which can involve very substantial 
application of focused kinetic energy. At the time it was hypothesized that the observed 
structural change within a discrete surface layer were tribological, involving crystallization 
of the syntaxial quartz overgrowths on quartz grains that constitute the cement component, 
forming a zone of tectonite. The process was considered to be attributable to the aggregate 
application of the kinetic force that attends the tens (or even hundreds) of thousands of 
hammer-stone blows that were required to produce cupules on very hard rock. Similar 
tectonite skins observed on bedrock that had been pounded by the bedload of highly 
turbulent paleo-rivers were considered to have been caused by the same conversion 
process. To test the hypothesis, it was essential to subject removed samples to laboratory 
analysis, and since the destructive sampling of cultural monuments such as rock art sites is 
to be avoided, the extensive KEM layer found in a site of the Indragarh Paleochannel near 
Bhanpura, India, was sampled instead. 

Analytical work has confirmed the hypothesis and has demonstrated that the gradual 
conversion from the metamorphosed cement and inclusions in the quartzite to tectonite is 
identical in the cupules and the panels hardened by the ancient river channel. In both cases 
three identical stages of tribological transformation can be identified. First, subtle changes 
to the grain boundaries and non-siliceous inclusions become evident. As the application of 
kinetic energy continues, gaps begin to develop between quartz grains and former cement 
masses as the latter are subjected to crystallization by ductility. In the final stage, the 
anisotropic process is completed, resulting in the conversion of the partially 
metamorphosed silica to crystalline quartz as the molecular re-orientation is completed. 
Any further application of force cannot alter the material beyond this state and has limited 
effect in fracturing the now annealed surface layer. Instead continued impact causes the 
conversion to spread deeper beneath the surface and the fully transformed tectonite can, in 
extreme cases, become >2 mm thick. Such a case is presented by Cupule 14A on Daraki- 
Chattan Cave’s north wall. In geological tectonite formation through fluvial bombardment, 
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the modified layers tend to be <3 mm thick in total, and the zone of maximum modification 
is generally <1 mm thick. 

Whereas the demonstrated presence of KEM products in rock art is at this stage limited 
to cupules, where it occurs only rarely, its incidence in geology is far more common, and 
can be expected to turn out much greater than presently envisaged as the phenomenon of 
KEM becomes widely recognized. These possibilities are explored below, but let us first 
consider the implications of the gradual development of three modes or stages of the 
process. Without recognizing the most extreme, stage 3, it would be very difficult to 
diagnose examples of stage 2 KEM; and it would be virtually impossible to appreciate the 
occurrence of stage 1 phenomena. They would simply go unnoticed. So, before we exclude 
the possibility of KEM consequences in petroglyphs other than cupules, we would first 
need to diligently negate that prospect. This, clearly, has not been attempted at this point, 
and there is every possibility that stages 1 and 2 KEM products will be detected in heavily 
pounded or abraded petroglyphs. Now that we know what to look for and how to identify 
it, such tribological research has become feasible. It remains hampered by the inevitable 
abstention from destructively sampling petroglyphs and the lack of experience of field 
microscopy in most rock art researchers—but at least the second of these obstacles may be 
overcome in future. 

However, when we consider the potential applications of KEM analysis in geology, 
the possibilities become truly copious. Not only is there the process of fluvial erosion by 
both abrasion and impact, already defined above. Even more common are likely to be 
surviving examples of tribological action of glaciers that have resulted in KEM products 
which have so far not been correctly identified. Another tribological process in geology, 
aeolian erosion, is also likely to have been the cause of large-scale surface ductilization 
and re-crystallization, yielding low-intensity KEM laminae. Finally, it seems that even 
tectonic stresses can in some rock types lead to the same products, and such conversions 
to tectonite may be very common in the Earth’s crust. 

Glacial polish has traditionally been assumed to be the result of a process of 
progressive removal of material until the surface becomes optimally smooth (Iverson 1991; 
Benn and Evans 2010). This explanation is unsatisfactory because it fails to clarify why a 
surface should become inert to further random damage as fresh asperities on glacial tools 
continue to impact on it. Siman-Tov et al. (2017) examined the phenomenon more closely 
on granodiorite examples, noticing that the outermost 1-5 um of the highly polished 
bedrock surface is intensively deformed. Crystals are described as being “bent” in the 
direction of glacial slip. These authors speculate that the “coating layer of glacial polish 
appears to form by the accretion of sheared wear material on abraded bedrock surfaces”, 
i.e., that it is an accretionary deposit of amorphous debris. This is just as unlikely as the 
traditional explanation because no clarification is offered for how, by what process, these 
materials (“rock flour paste and silica gel”) might morph into something much harder than 
the granodiorite, almost inert to further damage. Siman-Tov et al. are themselves puzzled 
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as to why the surface layer exfoliates at a thickness much greater than the thickness of the 
modified layer they perceive: “what sets this detachment thickness remains unknown”, 
they note. This and other aspects of glacial polish are much more compellingly explained 
by viewing the phenomenon as a KEM product: beneath the visually distinctive lamina are 
layers of various degrees of re-crystallization and ductilization. The durability of glacial 
polish is demonstrated by my observation that it has been preserved almost unscathed for 
about 300 million years in some instances (Beaumont and Bednarik 2013; cf. Ward et al. 
2014). Quartzite pavements polished during Permo-Carboniferous times remain perfectly 
preserved, protected by the hardened surface lamina (Figure 113). I have not studied 
glacially polished rock surfaces in much detail but I fully expect that the tribology of such 
highly resistant polishes will be shown to be due to KEM processes. 





Figure 113. These glacial potholes and the pavement are covered by glacial polish that has remained 
almost perfectly preserved for 320-270 million years, at Potholes Hoek, Kalahari Desert. Note the 
middle Stone Age circle petroglyph near the scale. 


Nevertheless, Siman-Tov et al. (2017) make an important point when they review the 
similarities between glacial polish and fault mirrors, a point we will consider below. First, 
however, we need to visit the issue of aeolian erosion, because it is closely related to the 
hypothesis involving fluvial kinetic energy. In Chapter 2, we have reviewed in some detail 
the tribology of aeolian attrition, noting the phenomenon of ventifacts: stone objects with 
glazing-like surfaces. They appear similarly polished, though perhaps less reflective than 
glacial polish. The grain fraction active in aeolian erosion is of very significantly smaller 
magnitude than the cobble fraction described above from Indragarh Paleochannel. To be 
effective it has to be propelled by wind-induced saltation or suspension, which is unlikely 
to occur above sand fraction of 70 micron diameter. The underlying mechanics, however, 
are the same in both fluvial and aeolian bombardment by quartz grains, be they by abrasive 
and percussive impact damage. Since the changes are usually effected by quartz grains, 


234 Robert G. Bednarik 


which would have very limited abrasive potential on very hard rock, we can assume that 
most of such damage is by impact rather than by mere abrasion. However, as we have noted 
in Chapter 2, the tribological reactions at the interface between the rock and the particles 
remain largely unknown and have not been investigated at all from the perspectives of 
tribology. 

The sheen seen on ventifacts, which in size can range from small stone artefacts to 
large bedrock exposures, needs to be explained in tribological terms. It is proposed that in 
all probability the gloss is attributable to low-grade KEM subsurface modifications, 
perhaps concealed by a very thin veneer—in the order of a few microns thick—of stage 3 
tectonite. 

Here we need to consider one more potential application of KEM tribology: in 
seismogenic fault friction and in the formation of fault mirrors generally. A fault is a planar 
fracture or discontinuity in a rock mass, formed by relative displacement of rock. At a very 
large scale, such faults are the result of plate tectonic forces along the boundaries between 
the plates. The massive energy releases associated with rapid movements at such active 
faults are the principal cause of earthquakes. However, faults occur on much smaller scales 
also, even at millimeter scale. The slip on active faults can result in highly reflective or 
mirror-like slip surfaces formed by thin laminae of nanogranular, modified rock. Such fault 
rock has been reported from many different lithologies. Verberne et al. (2014) have 
conducted experiments simulating calcite faults that yielded aligned nanogranular chains 
or fibers. Similar work has been undertaken by Siman-Tov et al. (2015) with three types of 
limestone. Light-reflective surfaces called fault mirrors are commonly exposed in 
carbonate fault zones. It was shown that these fault mirrors begin to appear as local patches 
when the slip velocity exceeds a critical value of 0.07 m/s. The mirrors develop by sintering 
of nanograins during shear, forming in a ductile mode. In other rock types it has been 
suggested that silica-gel forms during fault slip (Kirkpatrick et al. 2013). Sintering is a 
process of compacting grains and forming a solid mass by heat or compression without 
melting. It can be viewed as resembling KEM in that it enhances strength, but in contrast 
to KEM it seems to involve no dimensional change (compression). 

Concerning fault systems and experiments attempting to replicate the conditions of 
fault mirrors, there has been vigorous debate whether polished surfaces indicate high speed 
(Fondriest et al. 2013; Verberne et al. 2014; Siman-Tov et al. 2015). The key evidence for 
high velocity has been rock textures attributable to high temperatures that can only be 
created by earthquake-like slip speeds. However, both high-speed and low-speed polishes 
appear to exist and are potentially identifiable by transmission electron microscopy 
imagery. Two unresolved issues concern the strength of seismogenic faults and the 
relationships between an earthquake and the area or length of the rupture. These two, 
usually treated separately, may well be fundamentally related. 
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However, of particular relevance here are the modification products at faults, be they 
large or small scale faults. Apart from reports of silica-gel, analytical data on these shear 
results refer consistently to crystal-plastic deformation that results in materials of strong 
foliation characteristics (Passchier and Trouw 2005; Philpotts and Ague 2009). This is 
clearly reminiscent of KEM phenomena, including the reports of grain-size reduction. In 
the case of fault modification rocks, these ribboned laminae are often defined as mylonites. 
Larger crystals within them are porphyroclasts, relict grains that have experienced less 
modification than the surrounding matrix. The sense of shear within mylonites can often 
be determined using kinematic indicators. Just as the KEM laminae described in this 
chapter, mylonites are the result of significant rates of energy release. They occur usually 
at crust depths of >4 km; less consolidated fault breccias come from shallower depths. 

Here it is proposed that mylonites are closely related to tectonites. Both form in zones 
of very high and intensively localised ductile deformation. Mylonites are classified 
according to their porphyroclast content, as protomylonite, mesomylonite, ultramylonite, 
augen mylonite, blastomylonite and phyllonite. Porphyroclasts develop because of a 
difference in rheology between constituent minerals; relatively hard minerals may form 
porphyroclasts, while relatively soft constituents form part of the matrix. Rheological 
properties of minerals, determining their behavior as a fluid, depend on metamorphic 
conditions and initial grain size. The mylonitic foliation of the matrix wraps around 
porphyroclasts, indicating the ‘flow’ of foliation. So far no porphyroclasts have been 
observed in KEM products but they could potentially exist. 

I have examined fault mirrors in sandstone (Figure 114), with their distinctive slip 
surfaces dominated by the striations of asperities. These tribofilms seem so similar to 
percussion-derived KEM laminations that the two probably derive from the same 
tribological processes of conversion. The mirrors are usually <1 mm thick and of almost 
white color and reflective appearance, i.e., they match the fluvial tectonite sheets described 
above in their physical properties. Yet there can be no doubt that they were occasioned by 
very different procedures: compression by impact vs compression by abrasion. The 
similarity of the outcomes reminds us of the truism mentioned in previous chapters of this 
book, that percussive and abrasive action are both tribological effects. 

Fault mirrors occur in many types of lithologies, and they are typically of planar form. 
However, I have observed very similar conversion products in sandstone that are not planar 
or oriented in one direction. Examples may occur perpendicular to each other within a 
single square-meter of rock surface, and they may be curved or ‘distorted’ rather than 
planar (Figure 115). Their formation in high-pressure regimes at former locations under 
massive rock strata need to be clarified, but the pattern of occurrence suggests turbulent 
condition of foliation within deeply submerged sandstone facies. 
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Figure 115. Apparent KEM laminae embedded in sandstone, orientated randomly. 


CONCLUDING REMARKS 


More research is clearly needed to understand these and other, relevant phenomena 
better, including the probable KEM products arising from glacial and aeolian erosion 
processes. This chapter is merely a preliminary review of the evidence as it currently stands 
and its possible applications in various areas. In this chapter I have shown with a practical 
example how tribology can greatly enrich an area of research, and how that discipline can 
in turn be enriched by its application in fields hitherto neglected by tribologists. I have also 
illustrated the sometimes meandering ways investigation of inchoate fields may proceed. 
KEM is a phenomenon widely detectable in nature, in geology, and yet to identify it 
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involved its initial detection in an anthropogenic feature, a common form of petroglyph. It 
was only after the phenomenon was recognized and described in cupules (Bednarik 2015a) 
that its far more common occurrence in geology was documented. This, surely, must be 
the first time that rock art research has led to discovering a previously disregarded, 
unexplained, or misconstrued phenomenon in geology; usually it is the study of rock art 
that draws heavily on the knowledge of geology. 

Because destructive sampling of petroglyphs, which form part of cultural heritage 
monuments, is not permitted, an extensive occurrence of KEM materials that had been 
created by the kinetic energy of fast-flowing water were sampled instead. This has resulted 
in a good understanding of the modifications the bedload-bombarded bedrock exposure 
had suffered. Field microscopy and especially scanning electron microscopy showed 
clearly the complete absence of any accretionary deposit on the impact-battered quartz 
grains (Figure 116). The changes experienced by the KEM layers have been documented 
and explained and it has been shown that they are most intensive in the surface-nearest 
stratum. The principal consequence of KEM is that the hardening of the surface layer 
reduces the effect of further kinetic impact; it retards any form of erosion of the rock 
surface. In the case of the cupules, this means that the effort of deepening them further, 
once tectonite has formed, increases exponentially. In short, it is very possible that such 
cupules were abandoned after it was discovered that their floors had become significantly 
more resistant to anthropogenic impact. Similarly, in the formation of fluvially (or 
glacially) formed KEM layers, these would have approached a state of relative equilibrium 
beyond which further erosion was somewhat impeded by the modified/hardened surface 
skin as well as the partially altered subsurface layers under it. 

This final chapter of the book has presented a study emphasizing that the science of 
interacting surfaces in relative motion, if it is to be a comprehensive discipline, has to look 
far beyond its traditional priorities. Of course the issues of machine fatigue, of the cost of 
friction in mechanical engineering and similar aspects are of great economic importance. 
But in a strictly scientific regime, economic roles are of no importance. Most applications 
of tribology, I propose, have been neglected. Tribochemistry and geotribology have long 
been recognized, but the applications of tribology in archaeology or especially rock art 
research have so far been completely ignored. Bearing in mind that the production of all 
rock art involves interacting surfaces in relative motion, rock art study is a classic example 
of a field that should embrace tribology in all its scientific considerations. This book has 
emphasized that point repeatedly. It has also addressed the problem in tribology, of 
focusing on abrasive process at the expense of percussive process (not to mention 
compressive process). These are equally relevant in the discipline. 

If this book has succeeded in its message, that tribology is more than many tribologists 
seem to think, and that there are many fields of academic endeavor that need to take a much 
greater interest in tribology, than it has fulfilled its purpose. 
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Figure 116. Thin section viewed by SEM of the surface-near layers of the KEM laminae of sample A4, 
Indragarh Paleochannel, India. The stage 3 layer and the outer half of the stage 2 layer are shown. Note 
the uneven surface, lacking the smoothness suggested macroscopically. 
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